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Fig. 1. The Compact Disc system, considered as a transmission system that brings sound from the
studio into the living room. The transmission channel between the encoding system (COD) at the
recording end and the decoding system (DECOD) in the player, ‘transmits’ the bit stream B; to
DECQOD via the write laser, the master disc (MD), the disc manufacture, the disc (D) in the player
and the optical pick-up; in the ideal case B, is the same as B;. The bits of B,, as well as the clock
signal (C/) for further digital operations, have to be detected from the output signal of the pick-
up unit at Q. '

Philips tech. Rev. 40, 157{164, 1982, No)6 157

Compact Disc: system aspects and modulation

J. P. J. Heemskerk and K. A. Schouhamer Immink



Why channel code for CD?

* Make bitstream suitable for the optical
transmission channel

* Allowing reception with simple receivers (e.g.
clock recovery)

* Reduce interference with system, e.g. servo
for track following



Run Length Codes

INFORMATION AND CONTROL 17, 436-461 (1970)

Block Codes for a Class of Constrained Noiseless Channels*
D. T. Tane axp L. R. BanL

IBM Thomas |. Watson Research Center, Yorktown Heights, New York

A class of discrete noiseless channels having upper and lower bounds on
the separation between adjacent nonzero input symbols is considered. Recursion
relations are derived for determining the number of input sequences which
satisfy the constraints for all block lengths, and the asymptotic information
rate is calculated. Applications to compaction and synchronization are discussed.
An optimal algebraic block coding scheme for such channels is developed.



DeriNtTION 1. A dk-limited g-nary sequence satisfies simultaneously the
following conditions:

1. d-constraint—two nonzero symbols are separated by a run of con-
secutive zeros of length at least d.
2. k-constraint—any run of consecutive zeros 1s of length at most Z.

Tang and Bahl 1970



156 Philips tech. Rev. 40, 1982, No. 6

The information on the Compact Disc is recorded in digital form
as a spiral track consisting of a succession of pits. The pitch of the
track is 1.6 um, the width 0.6 um and the depth of the pits 0.12 um.
The length of a pit or the land between two pits has a minimum
value of 0.9 and a maximum value of 3.3 um. The scale at the boi-
tom indicates intervals of 1 um.



d-Liumited Sequences

Let Ny(n) denote the number of distinct d-sequences of length #n. (For
convenience, d-limited sequences will be abbreviated to d-sequences). Define

Ng(m) 20  for 2z <0, (1
N4 0) & 1. (2)

For n > 0, the number of d-sequences, Ny(n), is given in Theorem 1.

THEOREM 1. The number of d-sequences of length n is given by
Nyn) =n(g —1)+1 for 1 <n<d+1, (3)
Ngn) =Ngn —1)+(q—1)Nyn—d—1) for n>d-+1. (4)
In the binary case Egs. (3) and (4) reduce to

Nin)=n-+1 for 1 <n<d+1, (5)
Ngn) = Nyn — 1) + Nyn —d — 1)  for n>d+ 1. (6)

Tang and Bahl 1970
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Fic. 1. Asymptotic information rate of d-sequences.

Tang and Bahl 1970
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figure 1, Maximum achievable information density
versus minimum pitsize (Typint for a
Gaussian channel. Substituting some
practical values: SNR = 26 dB, NA = C.4,
A = 780 nm yields a maximum density of
2.25 bits per micron.

K.A.S. Immink, 'Modulation systems for digital audio discs with optical read-out', Proceedings IEEE
Int. Conf. on Acoustics, speech and signal processing, Atlanta, pp. 587-589, June 1981.
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NAT.LAB., TECHNICAL NOTE NR, 152/80

COMPACT DISC NOTES OF THE PERIOD
MARCH-JULY 1980

Remark

The system described in this chapter with three merging bits

was firstCcalled BES and later officially EFM. Puring the
July meeting 1 =17 nd Sony as the CD-

-standard., It will be exhaustively described in T.N. 153/80,.

5. High density recording by selected block codes.
K.A. Immink, M.P.M. Bierhoff™

I. Conclusions

1. At the Philips' Research Labs a new modulation system is
developed for Compact Disc, which is supepior with respect

of ASAP2 and M3. It(ig:gggled SEM (seven to eight moduEEEEEE).

2. The information density, that can be obtained equals the
ASAP2 density, however the DC-content is much smaller.




5. The modulation system

The NRZ-signals from the A/D-convertor
and the error correction parlty genera-
tor may have a high de-content and are
not self-clocking (the run-length® is
not limited). Therefore they cannot be
used on the disc.

The signals have to be converted into
another ecode which should meet some
special requirements.

5.1 Reguirements for the modulation system

a. Clock=content

The bit-clock muat be regenerated
from the signal after read-out, The-
refore, the signal muat have a suf=
ficlent number of transients and

the maximum run-length (Tmax) must
be as small as possible.

b, Correct read-=out at high informatiou

— T e e T s -

danaitiea.

The light-spdt with whiech the disc is
to be read out has finite dimensions.
These dimensions give rise to inter-
symbolinterference, This effect can

be minimizaed by making the minimum
run~-length (Tmin) as large as possible,
S0 a good technical compromise between
Tmin and clock content has been made

on experiments,

o, Servo

The modulation code must be de-
free, because the low-freguencies
of the spectrum give rise to noise
in the servo-systems,

The error-propagation of the modulation
system should be limited to the eight
consecutive data bits forming a symbol,

L.B. Vries, K.A.S. Immink, J.B. Nyboer, H. Hoeve, T.T. Doi, K. Odaka and H. Ogawa,
'The Compact Disc Digital Audio System: Modulation and Error correction', 67th AES Convention, no 1674,
New York, Oct. 1980.
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5.2 The Eight-to-Fourteen modulation (EFM) code.

=~ Fach block of 8 data bilits is mapped
into 14 channel bits. To each block
of 14 channel bits 3 extra blits are
added, for merging and for low freq.
suppression.

= The information is contained in the
positions of the transients. For
mapping 8 data bits 256 combinations
of channel bits are needed,

- The code is constructed in such a
way that the minimum distance between
2 transients is 3 channel bits (=1.5
data bits) and the sampling window
or eye-pattern is 1 channel bit (~
0.5 data bit),

This vields a good compromise between
intersymbol-interference and clock
acocuracy (phasenjitter). The maximum
runlength within the blocks is 11 chan=
nel bit (5.§ data bits)

(see fig. 2}

-~ Since the extra 3 bits do not contain
any information, an extra transient may
be inserted in these bits. In this way
the maximum-run-length ('max) between
two blocks and the dc=content of the
frequency spectrum can be controlled.

~ The modulator and demodulator can be
realised with a look-up table in a
ROM.

-~ Because of the block structure this mo-
dulation code is extremely sulitable for
use in conjunction with the error-cor-
rection system, which operation is also
based on 8=bit blocks.

% Run-length = distance between transients
in the signal,

L.B. Vries, K.A.S. Immink, J.B. Nyboer, H. Hoeve, T.T. Doi, K. Odaka and H. Ogawa,
'The Compact Disc Digital Audio System: Modulation and Error correction', 67th AES Convention, no 1674,
New York, Oct. 1980.
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Table 11 Part of the EFM Coding Table

Data Code Data Code
100 01000700700010 114 10010010000010
101 00000000100010 115 0000000100010
102 01000000100010 116 1000010000010
103 007100700 100010 M7 0000007000000
104 010010071000010 118 00010001000010
105 100000071000010 119 00100001000010
106 10010001000010 120 01001000000010
107 10001001000010 121 00001001001000
108 0100000100000 122 10070000000010
109 00000001000010 123 10001000000010
110 00010001000:070 124 01000000000010
m 0010000100000 125 000071000000010
112 1000000071000710 126 00010000100010
113 10000010000010 127 00100000000010

which shows the decimal representation of the 8-bit source
word (| i i resentation
ight column). Space limitations prohibit the pres
of the complete table, for full details the reader is advis§d
consult the patent literature [26].

K.A.S. Immink, 'Runlength-Limited Sequences', Proceedings IEEE, vol. 78, no. 11,
pp. 1745-1759, Nov. 1990
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details [21}]. Hence it sufficies to study good, efficient
basic codes.

5. Conclusions

We calculated the maximum tangential information density
that can be attained with modulation systems based on
runlength-limited codes on a two-level channel.

The resulting maximum information density is dependent of
the applied channel model. Especially the exact "tail"

of the read-out impulse response, normally considered as
gsecond order, is rather important.

Hence the compariscn of modulation aystems with computer
simulation only shcould be considered as guite delicate.
If on practical grounds the minimum tolerable eye should be
larger than -15 dE then we conclude that it is not worthwhile
to consider modulation systems with d B2 {Tmin > 1,61,
For modulation systems with d«< 3 and minimum eye height

&=15 dB the difference in maximum attainable information

density is small.

mk Eindhoven, februari 1982

Watuurkundig Laboratorium der
N.V. Philips' Gloeilampenfabrieken
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Eight-to-fourteen modulation

From Wikipedia, the free encyclopedia

Eight-to-fourteen modulation (EFM) is a data encoding technique
code, used in DWDs and SACDs. EFM and EFMPIus were both inven
made a decisive contribution to the digital revolution."("]

rmally, a channel code — used by compact discs (CD), laserdiscs (LD) and pre-Hi-MD MiniDiscs. EFMPIUS is a rela
by Kees A. Schouhamer Immink. European Patent Office President Benoft Battistelli: "Immink's invention of EFM

Contents [hide]
1 Technolegical classification
2 How it works
3 EFMPlus
4 References

5 Extemnal links

Technological classification [edit]

EFMI belongs to the class of DC-free run length limited (RLL) codes; these have the following two properties:

« the spectrum {power density function) of the encoded sequence vanishes at the low-frequency end and
« both the minimum and maximum number of consecutive bits of the same kind are within specified bounds 4]

In optical recording systems, servo mechanisms accurately follow the track in three dimensions: radial, focus. and rotational speed. Everyday handling damage, such as dust, fingerprints,
and tiny scratches, not only affects retrieved data, but also disrupts the servo functions. In some cases, the servos may skip tracks or get stuck. Specific sequences of pits and lands are
particularly susceptible to disc defects, and disc playability can be improved if such sequences are barred from recording. The use of EFM produces a disc that is highly resilient to handling
and solves the engineering challenge in a very efficient manner.

How it works [edit)

Under EFM rules, the data to be stored is first broken into eight-bit blocks (bytes). Each eight-bit block is translated into a corresponding fourteen-bit codeword using a lookup table.
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Figure 5 illustrates, finally, how the merging bits are
determined. Our measure of the low-frequency content is

data b
sablts M9 v 10000 1/010001 11|

) /

channel bils - 1600010010001 0XMM0100100100100M
(B3)

MM000 T T L L LT L
xmoto [ LT L L]
XMM=001  __| L] | !

RDS

Fig. 5. Strategy for minimizing the running digital sum
(RDS). Eight user bits B, are translated into fourteen chan nel
bits B;, the fourteen bits are merged by means of three merg-
ing bits in such away that the runlength conditions continue
to be satisfied. The condition that there should be at least
two ““zeros’’ between “ones’’ requires a ‘‘zero’’ at the first
merging bit position. In this case there are thus three alter-
natives for the merging bits: /000,”” “010," and “001.” The
encoder chooses the alternative that gives the lowest abso-
lute value of the RDS at the end of a new codeword, i.e.,
000" in this case.

K.A.S. Immink, 'Runlength-Limited Sequences', Proceedings IEEE, vol. 78, no. 11,
pp. 1745-1759, Nov. 1990
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Writing your own CD (1983)
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Figure 7. A scanning electron microscope
photogreph of a 10000 times enlarged Fiaure 8
disc sample with a Te compound layer. 9 . o
The uppeg track contains monohole in- a) A r:ﬂlﬂﬁﬂth limited sequence.
formation, the other tracks runlength b; : d I!Hqgﬁﬁgﬂ-ﬁ from an RLL se-
sequences. The observation angle is e pulse derive om : .
458, with one white bar corresponding quenﬁaluaed for writing overlapping
monoholes.

to.L gue; d) Write pulses for overlapping mono-

holes fed to the laser (2 pulses
deleted).

e) Schematic pits on the disc when
monoholes are used.

f) Schematic pits on the disc when
pitlength modulation (overlapping
monoholes) is used.

K.A. Schouhamer Immink and R.M. Aarts.

Maximization of recording density obtainable in Te-alloys.
Proceedings of SPIE- The Int. Soc. for Optical Eng., April 19-20, Geneva,
Switzerland., pages 181-188, 1983.
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Schouhamer Immink: EFMPlus: The Coding Format of the Multimedia Compact Disc
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EFMPlus: THE CODING FORMAT OF THE MULTIMEDIA COMPACT DISC

Kees A. Schouhamer Immink
Philips Research Laboratories,
5656 AA Eindhoven, The Netherlands

Abstract—We report on an alternative to Eight-
to-Fourteen Modulation (EFM), called EFMPlus,
which has been adopted as coding format of the
MultiMedia Compact Disc proposal. The rate of
the new code is 8/16, which means that a 6-7
% higher information density can be obtained.
EFMPlus is the spitting image of EFM (same
minimum and maximum runlength, clock content
etc). Computer simulations have shown that the
low-frequency content of the new code is only
slightly larger than its conventional EFM coun-

terpart.

I Introduction

IEEE Transactions on Consumer Electronics, Vol. 41, No. 3, AUGUST 1995

Table 1: Main parameters of MultiMedia CD.

read-out wavelength
reference NA

disc diameter

disc thickness

layers

reference scanning speed
reference channel bit rate
min. pit {or land) length
track pitch

recording code

sector size

error correction

max. user bit rate @ ref speed

635 nm

0.52

12 em [/ 8cm
1.2 mm
single or dual layer
4mfs

26.6 Mbit /s
0.451 pm
0.84 pm
EFMPlus
2048 bytes
CIRCPlus

11.2 Mbit/s
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[57] ABSTRACT
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[21]  Appl. No.: establishes a coding state of a first type. When & code word
[22] Filed: belonging to an group of the second type is delivered. a
' eoding state of a second type is established which is deter-

30m Foreign Appiitm rity Diata mined by the information word which is to be converted to
the delivered code word. When one of the code waords is
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341/106 coding method, the number of unique bit combinations that

may be established by the code words in the series are
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Kees het ga je goed!

We verwachten nog veel van je



