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Fig. 1 Conventional wave-
forms. NRZ| is the simplest |
waveform, but requires &
wideband amplifier for pro-

—

cessing, since it has a sub-
stantial dc component. This
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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 dc com-

ponent

coding method, used on 14-in. wide magnetic tape at
data recording densities up to 800 bits/in.! Presence
or absence of a transition in the NRZ] magnetic wave-
form corresponds to 1 or O 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 re-
corded as correspondingly long periods with no mag-
netic transitions, and hence no pulses in the readback
signal; the read clock can lose synchronization during
those periods. Furthermore, wideband circuits with dc
response are required for signal processing and data
detection. - ;
NRZI is also subject to 2 more subtle difficulty: base-

line and peak shift, alluded to previously. At high

densities, the readback pulses produced by a string
of consecutive 1s tend to interfere with one another.
When such a string of 1s is preceded or followed by
a string of consecutive Os, this interference is asym-
metrical, causing the first or last few pulses to have
larger amplitudes; thus 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 slightly 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)? was devised to alleviate these
problems, and is used on 1%-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 1s or 0s occur in

succession, extra transitions are inserted at the bit-cell

boundaries. Resulting waveform is eelf-clocking and
has no dc component, since the waveform in each bit
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cell has up (positive) and down (negative) signal
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 properties, the 1 and -0 correspond
to a presence or absence, respectively, of any transition

‘at . the center of the corresponding bit cell, rather

than to an up or down transition. In the IBM 3330 disc
file FM has beén supplanted by MFM, or delay mod-
ulation, which provides enough clocking transitions
without doubling the transition density.* In MFM (as
in FM) a 1 and a O 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 clock
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 some data patterns such 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 0s. In S-NRZI, -a 1 extends each
8.-bit group to nine bits and establishes a synchroniza-
tion transition. In GCR, each 4-bit group is mapped
into five bits using a fixed assignment that guarantees
that the coded data strcam never contains more than
two consecutive Os. Detection process for both methods
is the same as for NRZI, but maximum transition
density is necessarily higher, and the dc compaqnent
can be'quite prominent. '

COMPUTER DBESICN/AUcGUST 1976




TALLE 1

'3 Encoding Rerge of Aos Wity inWoaders
.2 Mereds |£ pERE-
o
v NR21
P
MM ‘ s
. s -
G 4
. L -

e e gy

i L S S
. I TR O
DT TAV RS % 2 ST

Advantages of ZM

Zero modulation encoding produces waveforms that
closely match characteristics of the magnetic record-

. ing channel. Among these characteristics (Table 1)

are:
Minimum energy at low frequencies—achieved be-
cause the longterm dc component is 0, and maximum
accumulated unbalance between positive and negative
pulse durations of the waveform is small. This helps
alleviate base-line shift of high density read signals.

Narrow bandwidth—conserved by constraining pulse

width and ratio of maximum to minimum pulse width.
This helps reduce the problem of peak shift. Resulting
read signal amplitude is relatively uniform—that is, it
has a small dynamic range for any kind of data stream.
Adequate transition rate—as a consequence of the con-
straint on the maximum pulse width, a clock signal
can be derived from the transition rate.

High efficiency—ratio of highest transition density to
bit density is close to 1. With NRZI and MFM the
ratio is exactly 1, and with other codes it is fractional-
ly higher, rising to 2 for PE and FM.

Reliable Error Checking—as a consequence of these
characteristics and various other constraints of the
method, the code structure of ZM is such that error
checking is easy and reliable.

Zero Modulation Algorithm

. The ZM algorithm can be readily implemented by a

practicing engineer with the information that follows.
Theoretical details and proofs have been published
elzewhere® The ZM algorithm maps every data bit
ezquentially into two binary digits in such a way
that any two consecutive 1s are separated by at least
one and at the most three Os. This ssquence is recorded
in KRZI. Consequently, the narrowest pulse in the ZM

vl
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waveform spans two digits in the coded sequence, and
this is the width of the data-bit cell. Similarly the wid-
est pulse spans four digits, which is twice the narrow-
est pulse width. The resulting waveform is similar
to that of MFM. )

This limited range of pulse widths corresponds to
a narrow bandwidth for the waveform, and the narrow
bandwidth has obvious electronic advantages. Short
“pieces” of the waveform of one polarity are always
balanced very soon by equally short pieces of the wave-
form with the opposite sign. Two such sections taken
together make up a section with a zero dc component,
and the waveform made up of such balanced sections
contains minimal energy at low frequencies.

A quick way to estimate the amount of dc in a
train of rectangular pulses representing data encoded
in ZM or any other code is to count positive- and
negative-going excursions, giving a value of =1 to the
narrowest pulses, =2 to pulses twice as wide, and
so on. This corresponds to integrating the waveform
mathematically, or collecting charge on a capacitor
fed by a current with the given waveform. If the total
strays far from O, the dc component is present. Under
the zero modulation algorithm, the total changes sign
frequently and never exceeds %3, corresponding to the
limit of three Os between any pair of ls.

Two-for-one mapping is a monlinear function of the
preceding and following data sequences and requires
an encoder with memory. In a practical implementa-
tion, amount of memory can be limited as desired by

adding a smell amount of redundancy. In its functional

form, however, the ZM algorithm, in general, requires
unlimited memory.

The algorithm can be described in terms of a data
bit to be encoded, one preceding and one following
data bit, and the two coded digits corresponding to
the preceding data bit; and in terms of two parity
functions that look shead and back relative to the
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bit being encoded. Look-ahead parity, P(A), is the

count modulo 2 of ls in the data stream beginning
with the data bit being encoded and counting forward
to the next 9 bit; look-back parity, P(B), is the count
modulo 2 of all Os in the data stream from its be-
ginning up to the present bit. For example, in the
data sequence 01011110, P(A) = 1 at the second,
fifth, and seventh bits from the left, P(A) = O at
all O bits and all the other 1 bits; while P(B) = 1
at the first, second, and eighth bits and O 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 —1, O, and +1, preceding, current, and
following bits, respectively. For convenience, the non-
existent bit preceding the first data bit is assumed to
be 1 and its look-back parity is O; 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 dc
component, and the accumulated charge often increases
indefinitely, whereas the maximum accumulated charge
in the ZM waveform is *3 units.
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ZM Algorithm With Limited Memory

Look-back parity is accumulated from the number of
Os simply by updating a 1.bit storage cell as data
bits are encoded. However, look-ahead parity depends
on the length of a string of 1s in the following data
sequence. Since the algorithm imposes no limit on the
length of this string, memory requirement for com-
putation of P(A), in general, is unlimited. However,
a variant of the basic ZM algorithm limits the mem-
ory requirement to any specified number of bits.

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

& = Eo.d-x + d-l:—“l_’-l
b = ds

To force P(B) to 0, a digit, P, can be inserted in a
continuous data stream at fixed intervals of f bits.
This insertion implies that look-ahead parity, P(A), of the
sequence of ls at the end and beginning of any sec-
tion of f + 1 bits has no effect on ZM mapping in the
modified data sequence. In Fig. 3, some values of P(A)
are denoted by ¢ indicating a “don’t care” value when
P(B) = 0. The only sequences of ls affecting the
mapping, then, are those between two 0s in the same
section of f + 1 digits. The longest such sequence is
f — 1 digits long. Thus, the memory required to com-
pute P(A) is f — 1 bits.

Thus, to limit the amount of memory, the ZM al-
gorithm is given two important modifications: 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

}if P(B) = 0.

Doro 010011110101 111110111001110
P(A) 01000101010010101010100010
»8) 110111 1100Y11 1111000010001

IM potrern 0O00YOXK01000OCIDOIVO00000010000VI0 10010010100

weeom | [ LML LIUNUTU
*3

Chorge O
-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 pattern, it can require an infinitely large
memory for impiementation
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bits. Secon?. compuztion of PiA1 2t gny dats bit ex.
sends only to the following f — 1 data Lits, as »
binary logic function of the data stored in f bits of
memory:

P(A) = &d, + ddeds + dededids + ...
+ ddde oo . diodis + deded 1 o dindia

where t = f if fis even and t = f — 1 if f is odd.
Look-back parity is merely a count of Os as in the case
for unlimited memory.

Encoding process is delayed by f bit periods in a
continuous stream of data, while the memory is loaded
for computing P(A), but the decoding process is de-
layed by only one bit period. Thus decoding errors
in ZM do not propagate.

In the diagram,
illustrative purposes; but in fact, the value of f has
no theoretical limits. As described later, a shift regis-
ter delays each bit while look-ahead parity is gen-
erated. Small values of f require short shift registers
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
be convenient in some applications. For efficient utiliza-
tion of the magnetic recording medium, large values
of f—eg, 100 or more—are mandated. Although they
impose substantial encoding delays, these are still negli-
gible compared to the access time of a mass storage
gystem, which is measured in seconds. Large values of
f do not necessarily imply complex encoding logic:
the look-ahead parity generator merely counts the bits
as they pass, and 2 monolithic shift regxstcr is relauvely

inexpensive.

a value of f = 8 is assumed for

2 Rstern 0000010 V00OV IVAOC0I0I010101 0101000101 *- ==

Doso with Pbis B 1Y Pos

g&ohl‘md 0100!III$O\O|1I!]‘IOI|I-—~’
PlA) 110001010/110000000600101) -~
me) 11011111 0{110000000/011 1) =~

Ly
Oourgn 0 A A ALL

-3

Hyn

Fig. 3 Practical zero modulation. Adding an extra bit
to the data stream at regular intervals in accordance
with a prescribed pattern permits the two-for-one sub-
stitution of ZM to be made with a memory of realizable
capacity. In the waveform, dc component is still 0,
transition dansity is low, yst added redundancy is minor

Synchronization Signal

When reading, a ZM waveform is decoded into a data
sequence with the help of a clock, which is usually
derived from the waveform. A synchronizing signal of
sufficient length and recognizable ending is useful in
marking the beginning of data. A similar resynchroniz.
ing signal may also be inserted at predetermined in.
tervals in the waveform, such as at ZM memory bound.
aries, for protection in case of temporary loss of
synchronization in magnetic defects.

Several characteristics are required of the synchroni-
zation signal:

(1) It must be distinctive enough not to be confused
with the normal data waveform in its original or
shifted position.

(2) It must satisfy the ZM constraints of maximum
and minimum pulse widths.

(3) It must have no net dc component over its length,
although unlike the encoded data, the integrated total
may exceed three units within itself. The accumula-
tion may be four, five, or six units (or even more if
the synchronization signal is short and infrequent).

(4) Basic synchronization signal should be reasonably
short and the endings compatible with the ZM algo-
rithm for insertion at the memory boundary without
modification.

These specifications could be easily satisfied if some
binary sequence were known to be inadmissible as data.
However, no such sequence is possible for serial data.
Alternatively, a synchronizing signal can be chosen from
inadmissible sequences in ZM-coded patterns. These se-
quences must satisfy the ZM pulse-width constraint but
may exceed the maximum charge constraint.

Among the sequences that. satisfy the ZM run-length
constraints, 0 01 01 000101 00 0, either for-
ward or backward, is-the shortest that does not occur
in any ZM pattern. Any pattern containing one of these
sequences can be used. as a lynchromzmg pattern.
Two examples are:

"W.=010001001010001010001000101001
"W,=01000101000101000'1

The second of these does not satisfy specification 3.
Both examples begin and end with 01, and can be
padded by any number of Ol digit pairs if desired
for clocking. These endings also allow the synchroniza-
tion signal to be placed at the ZM memory boundary
without modification.

In actual application, the lynchronuahon pattern
is placed at predetermined intervals at ZM memory
boundaries. In case of synchronization loss, the clock
is regenerated by the read waveform as soon as the
defect or other cause has pessed. With the clock run-
ning, the signal detector can produce the binary ZM
pattern, but the pattern cannot be decoded until the
synchronization _pattern re-establishes the ZM pair re-
lation with respect to the clock. If the clock is found
to be out of synchrouization, ie, one ZM digit out of
step with the read signal, its complement may be used
for decoding.

’ 89



£

rie
“F Lowch
oo | | freer st
Seroom P-bit ot
ol F** Count .
42
Counter ‘ 43 4 w‘
g dig
©
g -
]
e B
5 ‘2 -
)
4y

M 2M Coded
Encoding ol e Sequence NR2I . To Write
Encoder | D11ve

Fig. 4 ZM encoder. Principal feature is a shift register from which data bits are fed to encoding
loglc, which .is straightforward  Implementation of equations in text

Error Chec_k in ZM Patterns

Patterns of digits generated by the ZM algofithm

satisfy various constraints, including parity in the case
of ZM with limited memory. These constraints pro-
vide a powerful check capability for bit-detection errors
and synchronization errors at the receiver.

Because error-free ZM patterns possess run lengths
of one, two, or three Os between two 1ls, two consecu-
tive 1s indicate a pick-up, or a O incorrectly read as
1, while four or more consecutive Os signal a drop-out
error.. Acquisition of excessive dc charge can be de-
tected with an up-down counter that increments for
every code bit position recorded with a positive level,
decrements likewisé when the level is negative, and
signals an error if the total exceeds =3 at any time.
An alternative method of implementing this check
has been worked out.’ Finally, value of P(B) and
charge value must both be 0 at the memory boundary—
& simple but effective check on both synchronization
and random errors. These two checks at the memory
boundary are equivalent in the sense that neither de-
tects any. error missed by 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 stringent ZM' constraints, need
be implemented only to enhance reliability even further.

eo

Implementation of ZM
Algorithm

In a ZM encoder (Fig. 4), the first step is to modify
the binary data sequence by inserting the P-bit at
fixed intervals of f bits. The P-bit is the value of
P(B) at count f, computed by a simple latch triggered.
by each 0 in the data stream. At count f + 1, the °
P.bit is inserted in the data stream, and the P(B)-
latch and counter are reset to 0. The modified data
stream passes through a shift register f bits long, which
stores the previous and current data bits and the fol-
lowing f — 2 data bits. From these stored bits the
look-ahead parity function P(A) is generated in ac-
cordance with the binary logic function given previous-
ly. From these values of P(A) and P(B), the current
and next previous bits, and the just-computed ZM bits,
the ZM code sequence is generated.. Two feedback
Jatches store each pair of bits of the ZM pattern as
they are computed, for use in the next bit cycle. These
latches are updated continually as the data bits are
sequentially encoded into ZM patterns.

Initially, look-back parity is set to 0 and feedback
latches are set to 0l. Encoding starts after a delay of
f — 1 clock periods during which the first data bits are
ghifted into the storage register. This puts d, #in the
next to last cell of the shift register, from which it
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is encoded into the first pair of code bits. The “pre-
vious” bit, assumed to be 1 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
encoder during the first encoding cycle. Alternatively
it can be initialized simply by placing all 1s in the
shift register. 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 ZM pattern
passes sequentially through a 6-bit storage register
which stores three pairs of pattern bits. As in encoding,
for the first pair of bits, the “preceding” pair is set
to O1. Decoding starts 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 every (f + 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 checks can easily
be implemented for error checking.
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This review of the basic theory of polynumial error deteciing codes
is expanded into a real-world application involiing remote terminals

Increasing interest in computer stations and terminals
located some distance from a large central computer has
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 capebilities which
may allow limited error correction on a character basis
and which may enable retransmission of complete mes.
sages or data blocks. One 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 accumulate indepen-
dent errors which are mutually compensating and may
not be encoded in the check bits. Polynomial ccdes have
been used to resolve this problem by providing burst
error detection as well as all single- and double-bit error
detection.

This article describes specific hardware designed and
developed for physical implementation of polynomial
check code generation and detection. Hardware is im-
plemenied as an 1/0 device attached to a small com-
puter for use in a remote job entry terminal being de-
veloped. The polynomial code gencrator “detector was de-

NMichael A. Liccardo is engaged in the
design and development of advanced
computer system interfaces, and has
had minicompuler sysiems design as
well as extensive general programming
experience, He received BSEE and
MSEE degrees from ihe University of
- A California (Berkeleyj and is studying for
ing a PhD degree at Stanford University.
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signed-as a generalized logic block to be used with most
small general-purpose computers and to require mini-
mal interface logic design. '

Basic Theory

Representation of Binary Information

Consider a message of % bits to be transmitted serially

over a data link, and with n — k bits to be appended as

check bits unique to the message being transmitted. The

binary digit positions of a message can be considered

as the coefficients of a polynomial of arbitrary variable x..
Each' coefficient is restricted to one of two values (ie.

0, 1). If the message consists of % bits, it is convenient
to consider the first bit transmitted as the most sig-

nificant coefficient of the polynomial (ie, the kth bit cor-

responds to the coeflicient by.;). For example, consider

the 6-bit message 101101 written least significant bit to

most significant bit from left to right. This message iz

represented by the general polynomial f(x) = b, + b;x ~

b.x? + byx® + b,x* + b:;x*, where the coefiicients ba. b;.

b., by, by, b; are 1, 0, 1, 1, 0, 1, respectively. Extendin:

this representation, note that any arbitrary binary mes.

sage of k bits can be represented by a polyncmial of the

form

k=1

2 bix?

i=1

fix) = ba + box' ...+ byax*? + byx*? =

Arithmetic opérations may be performed on the poly-
nomials according to the laws of ordinary algebra. How-

* Work performed under the auepices of the U. 8. Atomi~ Enerpy
Commizsion.
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r, atlention here is restricted te binary codes in which
vnomial coeflicients are elements frem the set (0, 1),
1as been shown? that polynomial codes saticfving error.
ecting and correcting properties can be described by
spccxal algebraic system which essentially requires
t anthmeuc operations on polynomials whose coefh-
nts are elements of a field containing q elements be
Hformed modulo q. For binary polynomials this re-
ires addition and subtraction to be carried out
»dulo 2 (ie, the exclusive OR function).

sfinitions

veral pertinent definitions and properties of poly-

imial operations are: (1) The degree of a polynomial

the greatest power of x in which the coefficient is
nzero. For example, n binary digits is represented by
1n — 1 degree polynomial. (2) The degree of the poly-
smial resulting 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 be divisible by R(x), or R(x) divides T(x).
:(x) and S(x) 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 division H(x)/P(x)
inder the corresponding algebraic 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 been

evenly divided by P(x) ; and since division is essentially -

a subtraction operation, R(x) is the remainder after
P(x) has been subtracted from H(x) an integral num-
ber of times. The special case when R(x) = 0 is pre.

cisely the case when H(x) is divisible 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 a remainder, 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 bits R(x), given any message H(x).
If errors occurred during transmission, they can be de-

tected by dividing the received message bits by 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-
greem — 1 wherem — 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 cssenhally modifies
the message H(x) in the last m — 1 bits, since R(x) by
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Biter. Phaoicalh n is mcre convenient to send R\x} as
the Ja<t m — 1 bits of the enceded messaze. This is easily
accomplished by considering H(x) to bek + (m — 1)
bits in length with m — 1 low order O coeficients. Multi-
plication by x®=! performs the transformation.

x™~'H(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 + x® +
x", using the generator P(x) = 1 + x? 4+ x* + x% Mul-
tiplying H(x) by x® and dividing by P(x) results in:

x* H(x) = 00000 1010010001 '

R(x) = 11000
F (x) = 11000 1010010001
——
check message
bits Dbits
The encoded message, F(x), consists of ten: higher-order
message bits, H(x), and five lower-order check bits,
R(x). _
The encoded message received after transmission over
a data link can be 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 been 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 resulting division generates no re- _

mainder, B(x) is accepted as the true encoded message.
It is possible, however, that enough errors in appropriate
bit positions have been generated so that E(x) is divis-

ible by P(x) and B(x) will be decoded as the true .

message. To ensure effective error detection, the generator,
P(x), must be chosen such that no error pattern, E(x),
is divisible by P(x). It can be shown that P(x) must

" have certain properties to enable this error detecting
* scheme to function. It can also be shown that the abxlxt) :

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. 1. A
few basic results are given without proof to illustrate
typical properties of generator polynomials: (1) A code
generated by any polynomial P(x) with 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 x* — 1 (= x* + lg092). (4) A polynomial
P(x) of length n detects any burst-error of length n or
less. A burst-error of length n is defined as the number
of errors occurring between the first and last errors, in-
clusive. .

Physical Realiiaﬁon

The theory of how to encode and decode messages for
error detection has been shown, but the important op-
eration to accomplish this is the division, under addi-
tion modulo 2, of messages by a fixed polynomial, P(x).

Consider a lon" -hand calculation of the division of 1+
»
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Fig. 1 Manual calculation
of 1 + x* +x* + x* divided ,
by 1+ x*+4 x*+x*

i ———— e

x* + x8 + x by 1+ x* + x* + x“ Since addition mod-
ulo 2 is simply an Exclusive OR function, drop the vari-
able x and manipulate the binary coefficients of the poly-
nomials (see Fig. 1). The quotient is Q(x) = x* + x® + x
and the remainder is R(x) =x" + x* + 1.

Referring to the manual division example (Fig. 1).
the division algorithm is: (1) Alizn high-order coefh-
cients of P{x) and the partial remainder. The first iter-
ation aligns the divisor P(x) with the dividend. (The
dotted underline references the partial remainder for
each step). (2) Subtract (modulo 2) P(x) from the
partial remainder. (3) Go back to step (1) if the de-
gree of the partial remainder is greater than or equal to
the degree of divisor P(x); otherwise the partial remain.
der is the remainder Rix). Notice that in step (3 the
alignment of high-order coefficients required the partial
remainder to be shifted left By one bit and the entry of
the next two dividend bits into the low-order position. In
general, at each 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 register in which the most significant
bit of the generator and partial remainder are ignored.
These bits will always'result in 1 +1=0.

Consider a 6-bit register and step (2) of the pre-
vious division, with reference to Fig. 2(A). Shifting the
partial remainder left by one bit will align the higher-
order coefficients as shown in Fig. 2(B}. Since the sub-
traction is performed after the coeflicients are aligned,
the most significant bit shifted out of the register is used
to enable the subtract logic: the result after subtraction
is shown in Fig. 21C). Each step mayv be implemented
in a similar manner, except that the division is termi-
nated after all data bits have been shifted into . the

register. .

The hardware required to implement this algorithm

tie, shift and subtract modulo 2) is simply a feedback
shift register with Exclusive OR gating. Subtraction and
addition modulo 2 is implemented by the Exclusive OR
function. The number of shift register bil positions is
equal to the degree of the divisor P(x). The chift reg-
ister shown in Fiz. 3tA) is oriented with the low. to

i R St
SIGNIFICANT DATA 847

GENERATOR P(x)

N AR S P
i L

r—C NEXT DATA 817

4
(A) SHIFT REGISTER TO DiVIDE BY N
3,.5,.6

P(x) o1 4x” ¢x" ox

—— - ¢ -
! - [l

- =i Mt
U D L l_._:r

(B) SHIFY REGISTER TC DIVIDE BY
T RS PN ,
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Fig. 3 Shift register divide implementation
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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 0’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 easily modified for this more efficient scheme® as
shown in Fig. 3(B). Since encoding and decoding of
messages are precisely equivalent, 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 objective 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 1/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 device design ob-
jectives were incorporated with enough flexibility to al-
low interfacing to most commercial minicomputers.
Using the black box concept, the polynomial code
generator accepts &-bit data bytes and produces two 8-
bxt check bytes. These two check bytes may be read
from the black box and subsequently loaded into a com-
puter. Conversely, two check bytes can be loaded into
the black box from the computer 1/0 bus, allowing pre-
vious data-error-code generation/detection to continue
from a previously intorrupted 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 data concentration station.
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Th. &-bit byte was chosen as the basic data structure
because most character code sets used in data comrmuni-
cation are easily specified with 8-level coding. It also
appears that most small and medium size computer:
have integral-number byte word sizes. In essence, 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 device 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/0 bus. The LOAD and EOR/LEFT
bits are high for this command, and
the device is set for EOR mode.

" The right byte of the polynomial
register.is loaded with data from the
1/0 bus. The LOAD and CRCI16/
RIGHT bits are high for this com-
mand, and the device is set to CRC16

mode.

LOAD RIGHT

This command overrides all other
command bits and clears the buffer
and polynomial registers to all 0's.

The RESET bit is high for this com-

mand.

GO : The buffer register is loaded with a
data byte from the 1/0 bus. The data
byte is then encoded with polynomial
register contents as specified b) EOR
and CRC16 bits.

EOR = High

RESET

Exclusive OR of

right byte of
polynomial regis-
ter.

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

CRC16 = High

- 1f both EOR/LEFT and CRC16/RIGHT bits are low, the

encoding mode is determined by the last mode command
given.

The polynomial register contents may be strobed onto
the 1/0 bus by prondm« the gating appropriate to the
desired computer. A separate I/O signa] must be used
for this function since no command bits have been as-
signed for this purpose. This provides more flexibility in
mterfacmu the po])nomxal code device to computers \\nh

diflerent word sizes.
s
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Polynomial code device block diagram

ice and Time Constraints

1/0 timing constraints are shown in Fig. 6.

and bits must be stable at the leading edge

= 1/0 pulse. Encoding of a data byte is initi-

e trailing edge of the 1/0 pulse and requires
: completion. A minimum 1/0 pulsewidth of
iits the device to a 1.8-us repetition rate, which
in the required 1/0 instruction execution time
small computers. Consequently, this assures the
of a data byte in one 1/0 instruction time,
time consuming 1/0 device skip loop program-
ae contents of the polynomial register may be
onto the 1/0 bus 1 pus after the trailing edge of

pulse.

iter Implementation

ynomial code device has been interfaced and
th a Digital Equipment Corp PDP-8/L computer
unctions in a remote terminal environment and
ntrol several remote devices and a data communi-
ine. Briefly, the computer’s characteristics are
ord, 1.6-us memory cycle, and one programmable
(ie, the AC register). The instruction set is very
and contains one I/0O instruction (ie, the 10T
on). All prograramed 1/0 data must pass through
which provides 12 buflered data output lines
data input lines. The 10T instruction format con-
3-bit operation code, a 6-bit device address. and
peration specification as shown in Fig. 7.
execution of the 10T instruction places 6-bit
ddress on the device address lines monitored by
O device. When a device recognizes its assigned
iddress, it gates the last three bits of the 10T
on into the device contrel logic. Each operation
ifies an action associated with the device. The
seration bits correspond to three control pulses
ccur in sequence and may be combined in the
truction to affect one, two. or three sequential
perations.
all 1/0 data must pass through the AC, the con-
| data bits must be loaded into the AC prior to

ey

|
t

. ;DA'A ENCODING INITIATED ~
. 7. 71
1/0 PuLSE

200 1.6

P aan
CONTROL AND vz
N —

DATA BITS

teao .
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REGISTER

Fig. 6 Timing diagram

DEVICE ADDRESS
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——
OPERATION OPERATION
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Fig. 7 10T instruction format

1
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{ 1
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l“J—-—» 1/0 PULSE 4

1/0 8US GATING

Fig. 8 PDP-8/L interface to device

an 10T instruction. The general interfacing of the pol
nomial code device to the computer is shown in Fig. &.
Notice that only either the right or left byte from the

polynomial register can be read at one time since 1
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CLA
TAD K14¢s
TAD RIGHT
107 1

TAD K24¢¢
TAD LEFT

107 1

TAD DATA
10T 5

Comment
Ciear AC

Get data byte

check byte
DCA RIGHT
10T 2
DCA LEFT

ENTER

LOAD PREVIOUS
CHECK BYTES

1

i SET DEVICE MODE J ’ i

T DATA
curo INCREMENT . 1

; I DATA POINTER !
ENCODE
(GO COMMAND TO DEVICE)

. | uNLOAD aND STORE
! NEw/ CHECK BYTES

: ' i
i ExiT

Fig. 9 Device data encode flowchart

data to the AC is only 12 bits wide. This is accomplished
by assigning 1,0 pulses 2 and 4 to read left and right.
respectively. For a computer with a 16-bit 1/0 data bus.
only one control pulse would be needed to -rad both
bytes of the polvnomial register.

Software Considerations

Device Programming

The polynomial codc device is easily programmed on any
general-purpose minicomputer. A flowchart for generat.

38

PDP-8/L Data Encode Program

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

Generate check bytes, clear AC, load AC with new nght

Deposit new right check byte, clear AC ' -
Load AC with new left check byte
Deposit new left check byte, clear AC

ing check bytes given one data byte is shown in Fig. 9
The corresponding program can be implemented with
six to ten instructions on most small computers. Notice

‘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. 9
are included to illustrate the additional flowcharting re-
quired to generate -check bytes for a block of data bytes.
A corresponding 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 1-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.

2

Hardware vs Software

The justification of the effort and expense of developing
special-purpose hardware for a computer system is in-
herently influenced by the equivalent software required
to perform the same task. Hardware/software tradeofls
consequently become central to the decision between
hardware and- software implementation. In remote com-
puting applications where a small computer is used to
control such items. as peripherals, format communica-
tions data. and translate code sets, gross amounts of
time can he consumed in communication line error-
checking routines. This effectively lowers the data trans-
missjon rate which the computer can maintain while
satisfying its other commitments. Cost and performance
criteria may force the designer to accept lower communi-
cation line bandwidth and/or slowe. remote peripheral
devices. This in turn enhances the 1,0 throughout limi-
tations of the central computer facilities, particularly for
a larze number of remote stations.
)

CONPUTER DESIGN 'SEPTEMBER 1971

———— -

E B i BT T R



.

ENTER

INITIALIZE . |
SHIFT COUNT '

i

‘ GET DATA BYTE |

LEFT SHIFT 1 BIT
i i

GET OLD REMAINDER J

[§ GET SHIFTED DATA

LEFT SHIFT ) BT NO

YES X

MOST SIGNIFICAN
317 OF REMAINDER
ND DATA EQUAL?

INCREMENT
DATA POINTER

EXCLUSIVE OR REMAINDER ]!
AND GENERATOR POLYNOMIAL

4 |

STORE NEW REMAINDER

%

Fig. 10 Programrﬁed 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: (1) shift data byte and re-
mainder, (2) compare most significant bits, and (3)
Exclusive OR remainder and generator polynomial (de-
pendent on compare test).

A flowchart for encoding one data byte is shown in
Fig. 10. Notice that eight iterations of the shift loop are
required for every data byte. Worst-case data encoding
" requires eight iterations with -an Exclusive OR for each
iteration. A typical 16-bit computer with an Exclusive
OR instruction and two or more programmable registers
would require 80 to 120 instruction executions per data
byte. Assuming a polynemial code 1/0 device connected
to the same computer could be programmed with six to
eight instructions, a performance increase factor of 10
to 20 is obtained.

The performance increase factor for a PDP-8/L is
much higher. due to its 12-bit word size. For an intcgral
number of byte generator polynomials, an integral
number of 12-bit mecmory locations must be used for
check-byte storage. In this case, only & of the 12 bits are
used since packing and unpacking 8-bit bytes is time

consuming on a PDP-8/L, which probably represent:
the worst-case programming eflort for implementation
of polynomial code generation. A PDP-G/L program
that I wrote requires 432 instruction executions.and 1.1
ms execution time per data byte in the worst case. A«
suming 209¢ of the total computer time is allotted fu
error checking, about 5 ms/data byte of computing
would be required. In this case. the PDP-8/L could sup-
port a 200-baud communication line, which hardly sati:.
fies remote job entry requirements. Using the PDP-§,L
execution times with and without the polynomial code
device, a performance increase ratio is obtained of
1.1 ms/39.4 pus = 28. The larger factor for the PDP-8/L
results from the lack of an Exclusive-OR instruction. The
equivalent of an Exclusive OR requires 10 PDP-8 L
instructions and 80 extra instructions per data byte in
the worst case. .

The polynomial code generator/detector described
earlier has been built. The required logic was assembled
on three 214 x 5", 36-pin PC cards; 32 TTL IC pack-
ages were used. The PC cards were compatible with DEC
M-series logic cards and could conveniently be placed
within a PDP-8/L extended memory cabinet. In addition.
two unique logic cards were required to satisfy PDP-8/L
1/0 bus conventions (ie, -device selection card and-an
open collector bus driver card).

Conclusion

The attempt has been made here to provide the reader
with an understanding of polynomial error code genera.
tion and detection with minimal mathematical rizor.
Practical aspects and application of this error-coding
technique have been considered in a real-world situation
involving remote job entry computing terminals. It has
been shown that significant performance improvements
can be realized by “hardwired software” capable of im-
plementing a specific generator polynomial for error
detection. The significant advantages of the polynomial
code device described are: (1) inexpensive (8200 for
materials, parts, card assembly), (2) generalized 1/0
interfacing to small computers, (3) elimination of costls
error encoding/detecting software, (4) time-shared capa-
bility between several communication lines, with mini-.
mum software, and (5) decreased number of undetected
errors passed through remote job entry and concentrator
subsystems. .

The development of more general-purpose logic for
implementing any arbitrary generator polynomial ha-
been initiated. Each PC card will contain four bits of
the polvnomial register. A polyvnomial register of am
length may be assembled and hardwired to select L
clusive OR bit positions or not and to select the la-i
stage of the polynomial register.
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Abstract

This paper describes a novel run-length limited code,
termed 3PM. A group of three data bits is converted into
six code bits which are represented by the presence or
absence of signal transitions. At least two zeros are
maintained between two consecutive ones, that is a min-
imum distance of three positions between transitions,
resulting in great reduction of pulse crowding. The
minimum distance is assured by a unique merging rule at
the boundary of adjacent code words. This rule distin-
guishes the code from both fixed and variable length
codes and results in very simple encoding and decoding
slgorithms. An actual 50% density increase has been
accomplished in saturation recording by using the 3PM
code in combination with other electronic techniques.
The new code {s used in a8 current ISS/Univac high den-
sity disk storage system, featuring 2500 bits/cm (6300
BPI) linear density, 10 Mbits/sec data rate, 338 MByte
capacity and one bit in 10 billfon raw error rate on
conventional Mod-11 head/disk interface.

Desirable Code Properties

The basic problem of this paper is increasing the data
density in digttai magnetic recording without changing
the physical parameters, that 1s flying height, head
inductance, oxide thickness and magnetic properties,

in an existing head medfum interface, while maintaining
the same reljability. The first task is the selection
of a code that is capable of increasing the linear bit
density with the least possible degradation in the ana-
log signal waveform. This means that the new code should
not aggravate the write conditions, and i1t should not
increase pulse crowding at the higher data density.

At this point, it is desirable to survey the major para-
meters of some ixisting codes. The definitions follow
those of Patel.? A data group, consisting of m data
bits, is converted into a2 code group of n code bits.

The ratio m/n is called the code rate. The code bits of
2 code group, ones and zeros, are recorded by the pre-
sence or absence of magnetization transitions in n uni-
formly spaced positions. Two consecutive ones are sep-
arated by at least d but not more than k zeros so that
the minimum distance between two consecutive transitions
is (d+1) position§. This property makes the code run-
length limited.Z» .

If the time interval of one datx bit is T sec, the min-
imum and maximum time intervals between transitions are:
Tmin = (m/n)(d+1)T sec and Tmax = (m/n)(k+1)T sec. The
efficiency of the code is measured by the density ratig,
defined as:

data density Tmin
DR = — =
max. transition density T

where'T is the data bit period and Tminr is the ratio of
minimum time. interval to the data bit period. The den-
- sity ratio expresses the number of data bits per flux
reversals or transitions, spaced at minimum distance.
Additional important 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 time
duration of one code bit or the length of one position.
The code rate (m/n) is a measure of the relative win-
dow (Wr), 1.e., the detection window related to the
data bit period: Wr = W/T = m/n.

Many run-1ength-‘limitid codes have been reported and.
analyzed in the past. -3 The write data waveforms 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 agensity

that 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 cther non-
Tinear effects of the medium that increase with flux
density. It is 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, {f a code with the largest Tmin or DR value is
selected.

In the read mode, high density ratio is again important
as will be seen later. It is equivalent to large Tminr,
which expresses the fact that pulse crowding is removed
or limited. The other desirable factor {s 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 60% wider window, but reduced Tminr
value, relative to MFM. It can increase the data density
oveg MFM only by 8%, as shown in a study by Tamurz et
al.® A large value of Tminr is equivalent to a low flux
density resulting in reduced pulse crowding. Tminr is
effective in both writing and reading, while the rela-
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
50% greater DR than MFM, whiie maintaining the same win-
dow and the same clock rate. This is due to using three
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rosittons (¢+1) in the Twin distance, while MM uses
only two positions (Figure 1). This basic feature of
the code originated {ts name: Three-position modulation
(3PM). In a general sense, there is a direct evolution
from double frequency to MFM and then to 3PM. The
number of code bit positions in the Tmin distance in-
creased from one to two and then to three, while the
window remained the same.. The density ratio increased
in proportion to Tmin. It {s seen that {f the minimum
transition interval of an existing MFM recording sys-
tem 1s maintained but the code {s changed to 3PM, the
potential exists of increasing the data density by 50%.
The maximum transition interval (Tmax) in the 3PN code
is considerably longer than in MFM. This requires a
wre tightly controlled phase-locked oscillator that
is capable of maintaining accurate clocking over a max-
{oum of 12 clock periods. This problem has been solved
successfully in the window detection of the 3PM code.

The 3PM code write data waveform has considerable CC-
content and digital sum variation, as most run-length-
1imited codes do. This is of no concern in writing
since the write head is DC-coupled. In the read mode
the question of digital sum variations enters into con-
sideration only {f we want to restore the write data
waveform. 10 However, §f 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 this process, there is no need to con-
sider DC-content or DSV of the original write data
waveform. 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, or optimum equalization is applied to the
analog waveshape. The relative {mportance of the code
and analog waveshape parameters in the read mode can
be observed from this relationship:

Max. data density = (flux rev. density)- DR =

- e o) = ke (o)A (@) -

- X 5% T-q .9
FT;O-(SNR.!)‘ (DR) Wr

q = 0.37 for (d+1) = 2
q=0.4 for (d+1) = 3

v is the head to medium speed, T5p is PWgy, measured

in time, of the isolated pulse. gNR,- 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 worked out for-an error rate (without
error correction) of one bit in 10 billion and with a
generous 33% window margin to cover fixed bit shift,
Jitter and circuit tolerances. It is valid for a range
of SNR; 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 1.56-times was achieved by using
this code, combined with optimum spectral shaping
equalization at 31 dB SNRy. Thus, 3PM combines the ad-
vantages in both write and read through its Tmin = 1.5T7
feature and appears to be the best code to increase
data density without changing the head/medium interface.

3PM Code Algorithm

A code with properties described above can be implemen-
ted with a number of different algorithms. The most
strzightforward method is fixed length block coding.
This, however, is not efficient; requiring large memory

Where: K = 0.4,

-2-

" word

or comciex logic. Variable length codes are much more
efficient and can be {mplerentesd with less merory. How-
ever, the logical operations in decoding, due to the
nature of var{able ?:ngth groups that must be handled,
could be quite complex. Furthermore, special precaution
must be used against error propagation, which can be
Timited in general to the number of bits in the longest

The unique novel algorithm of the 3PM code is similar to
fixed length block encoding and decoding with one addi-
tional rule. The algorithm converts three bit data groups
into six bit code ?mup:. The encoding 1s explained by
looking at Figure 1 and Figure 3. The space allowed for
3 word of three data bits is dfvided into six equidistant
positions: Py to P?. The basic encoding table for one
gu

word is shown i{n Figure 3.
BINARY TRANSITION
DATA POSITIONS
WORD P P2 P3 Pe PS5 PS
© o0 0 Jo o 6 0 1 ©
o o 1 0 0 0 v 0 o
o 1t 0o |lo 1 06 90 0 o
6 1 1 o v 0 0 v O
1t o 0 |06 o v o 0 o
1 0 1 1 0 0 0 0 ©
1 v 0 1 0 6 0 t O
1 1 1 1 6 6 1+ 0 O

FIGURE 3. initisl Encoding Table

INFLUENCE OF TRANSITION
BINARY ADJACENT WORDS POSITIONS
DATA
WORD

PRECEDING | FOLLOWING | PE" PY P2 P3 P4 PS P8
o 0 o x 0 0o 0 06 0 0 1 ©
c 0 o x 1 o 0 0 0 6 0 1
o 0 .1 |/ x x © 0 06 0 v 0 O
o v 0 x x ©c 0T 0 0 0 ©
o v 1 x ° o 86 1 0 0 1 O
e 1 1 x 1 o 0 1t 0 0 0 1
1 0 0 x x 6 0 0 1 0 0 O
1 0 1 [} x o ¥« o 0 6 0 O
1 0 1 1 x 1t 0 0 0 0 0 O
1 1 0 ° [} o 1 0 0 6 1 O
T 1 0 1 ° 1t 0.0 0 0 3 ©
Tt o ° 1 o 1 0 0 0 O 1
1 1 0 ] 1 1 0 0 0 0 0 1
11 0 x o 1 0 6 t 0 O
11 1 X 1 00 0 1 0 O

1:YES

0: NO

X : DON'T CARE

FIGURE 4. Final Encoding with Merging

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



The results of the final encoding, after the merging
rule has been carried out, s shown in Figure 4. Here
all combinations of binary data words of three bits each
are shown together with the influence of adjacent data
words. If the preceding word ends in Pg, transition
of the present word will be shifted to the s xth posi-
tion of the previous word denoted by Pg'. Similarly, 1f
the following word starts with Py, & P5 transition of
the present word will be shifted to Pg. The result of
this merging rule is that any number of octal data words
can be catenated, while simultaneously mafintaining the
d=2 condition everywhere in the sequence. The encoding
Jogic that implements this rule is very simple. It has
to Took back to the P5 position of the previous word

and look ahead to the Py position of the following word,
thus dealing with 9 positions simultaneously. This way,
the words are chained to one another in a natural way,
preserving the fixed block length property of the code.

Decoding is done in a similar manner. The 7 transition
positions are observed simultaneously. They uniquely
identify the binary data word, as shown in Figure 4,
Decoding, therefore, is state independent, maintaining
the advantage of fixed length blocks, that greatly sim-
plifies the logic. The decoded data words are identified
by a word clock, derived from a general clock system
that runs synchronously with the transitions. Error pro-
pagation is limited to a2 maximum of three data bits (one
word). This may result from the drop-out or drop-in of

a 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 compare the code with the smallest
fixed-length block code that achieves the run lengths

FIGURE 5. Equalired Ansiog Wnnhnu
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To: Dave Gordon Date: - May 30, 1980
Erom: Bob Beckenhauer Copyto: E, Asato D. Moynahan
: . W. Cheney L. Raney
S. Dinsmore R. Singleton
v D. Huber T. Yung
Subject: 2,7 Encoder/Decoder Circuits H. Kwok

The purpose 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 Memorex disk files. :

Schematics! for the breadboard 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 functional breadboard schematics were provided on May 28,
1980, after the results described in this memo were obtained.

TEST CIRCUIT

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
25MHZ. While this frequency is slightly lower than the IBM 3370 rate,
it should be close enough for the purposes of this demonstration. Also,
using the MECL 10K logic family, much higher switching rates should be
attainable without major problems.

(Futhermore, it is expected that timing changes would 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 MECL 10K prototype which would encode and decode all
words in the Franaszek 2,7 code dictionary.*’

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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The following chart describes the 2,7 code dictionary:

=,
_ | i
- -
©
29

" DATA WORD " CODE WORD CODE WORD BY DETENT ASSIGNMENT 0
10. 0100 0 T,0 0 :
010 HiReP +100100 To0 0 T, 0 O

0010 © 00100100 00 ToO 0O T, 00

11 1000 To0 0 0

011 Lo Re 001000 0 0 ToO 0 O |

0011 Rape > 00001000 0 000 ToO 00

000 000100 0 00T 00

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 two
possible detent assigmments, which are arbitrarily labelled To and T,.

In the photographs of figures 5 and 6, an encoded data pulse which aligns
with 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 T, 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 boundaries at the data byte boundary. 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 data-dependent timing problems.)

CRTITTI T

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.

9ouapuodsalion

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 1'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 P ( scope trace 1) and - DECODER A*0 GATE OUT (trace 3),
in fig. 8, as compared to figure 7. This results in erroneously

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

DATA WORD CODE WORD
10 0100
11 1000

To Detent—F ©———T, Detent

3) 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 undecoded data stream is now arriving at the
decoder one detent time later).

4) 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 undecoded data stream
now arrives at the time it originally did.

This decoder phasing technique is the subject of a Memorex invention
disclosure which is now being written. I recommend it as belng simpler,
and more reliable then the method used in the IBM 3370%, 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 MHZ, 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
+ 1F and ¢+ 1FD could be used instead of the ABCD Clocks. The 1F and

1FD pulses will be twice as wide.

COMMENTS RELATED TO SCHEMATICS (PAGE TS30)

In figure 14, timing margins can be improved by inserting more delay
between the 2F input and the clock imput to the 1F and 1FD - 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 counter. The bit times are generated by means

of a 3 bit Gray code counter and a 3-to-8 bit decoder.

9ouapuodsalio)n
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CRIITIE T

The 3-to-8 decoder is disabled by the same pulse which triggers the counter.
The 'dead time' between bits may be eliminated by keeping the 3:8 decoder
enabled at all times. Since it is a Gray code counter, the decoder output
bits should be glitch-free.
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ADDITIONAL COMMENTS

The 10141 shift register module type used in the breadboard is not

a standard Memorex part. The 10141 seemed much more noise-prone than
the other 10K modules. The worst noise was present on pin 1, 4
particularly at the 2F shifting frequency. This was resolved by 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 wire.

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

was 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°, since it would be simpler, more reliable,
and avoid patent infringement.
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