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Computers

igher densities

disk memories
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are alive and well, and with good reason

Ten vearc son_dick.memary tacknnlnov was widely thousht ta ha
exhausted, with no promise of significant future increases in bit
density, and bound to be obsoleted soon by the new semiconduc-
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tor momorics. Yat, dicks have deficd all &lioits smce inen o

dislodge them as the dominani computer mass-storage devices.
Their bit density has increased several hundred times in the past
decade—as fast a growth rate as the more publicized semicon-
ductor memories of recent years—and it may increase almost as
fast in the 1980s. However, disk technology today is indeed
straining the limits of recording on particulate media—a coating
of gamma type iron oxide—although the fundamental magnetic
limits are still several orders of magnitude away. Further density
increases require improvements in recording media, read/write
heads, and encoding methods. Nevertheless, rigid disk memories
will probably have at least 10® bits per square inch by the late
1980s. The increased density will be obtained by further ex-
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recording media. Thin-film medla or perpendicular recording
may trigger new density increases by the late 1980s or the mid
1990s, depending largely on marketing considerations
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Disks and tapes based on same principles

Disks and magnetic tapes use basically the same recording and
playback principles (Fig. 1). A thin laver of iron oxide containing
magnetic dipoles is drawn past a recording head—an elec-
tromagnet with a highly focused fringing field. This aligns the
dipoles in one direction or the other along a track to represent 1°s
and §’s. Digiiai data is recorded more reliably when the medium
is driven into magneti saturation; such recordings are iess
vulnerable to noise because all of the medium’s response is ex-
hausted, and they also make it easier to overwrite previously
recorded data. Analeg wave-forms, by contrast, are generally
recorded below saturation level.

In playhack  the madinm is drawn past anct

or mnmpfnrpm ctiva trancducer and th maan

vnltaoe in the read head. The plavhack
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reversals as transitions between two magnetic states, or 1’s and
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number of bits that can be wntten along 2 track is determined
basically by the number of flux reversals per unit length that can
be read out with an acceptable error rate. The output signal level
decreases as the flux transitions olcur closer tchulcl, and chul
to mutually interfere. The signal amplitude is also proportional
to track width, so that higher track densities also lead to lower
signal levels. The signal level decreases with increasing density
because of thickness, spacing, and gap-loss effects (Fig. 2j. The
output goes through zero at the density where the length of two
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Errors may be caused by “dropouts” (missing blts) or “drop-
ins” (extra bits). Dropouts occur when signal levels are lower

than o cmanifiad theachald ar .mlue arachiftad in time and are not
v

synchronized with a ciock puise ai reading iime. Signals faii
below threshold levels most often when the head spacing is in-
creased by such disk surface defects as clumps of oxide or bind-
ing material, foreign matter or voids in the disk coating. Drop-ins
may occur when interference between adjacent tracks or bits
causes a shift in the peak signal or when voids or magnetic bumps

. of the disk cause discontinuities in the magnetization that may be

interpreted as an extra 1 in a sequence of 0’s. Peak shifts can also
be caused by noise from the medium, preamplifier or read head.
The practical limit on reducing the error rate in particulate media
is probably one error in 10® recorded bits at high densities, so that
some form of error-correcting technique is needed in high-
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Rigid disks ‘with the highest density today have a bit length of
about 2 micrometers, a packing density of about 2000/mm —
abour i0 rimes rhar of semicOnGUCIOT mSHmGy Of Auylcal. ucuauy
and roughly equal to a magnetic bubble memory of highest den-
sity—and a read/write rate of about 30 million bits per second.
Disk storage costs about 100 times less per bit than semiconduc-
tor storage. In addition, those costs are about 10 times less than
bubble storage (Fig. 3).

Disk access times are about 100 000 times longer than rival
solid-state memories, but they still allow real-time processing of
vast data files through lock-ahead data manage":ﬂnt Although
solid-state memories will continually increase in density, the de-
mand for low-cost, on-line mass storage will increase faster, and
thus disk storage will never be obsolete. Sclid-state memories
may dispiace some small disk systems—the so-called floppy
disks—where iower entry costs are more importani ihan cosi per
bit or total storage capacity, However, low-gntry cost s &lso pro-

vided by the emerging 8-inch, 5%-inch, and 3Y2-inch disks.

The floppy disk—a thin sheet of Mylar coated with iron ox-
ide—spins in a record jacket, with the read and write heads con-
tacting the disk through a long narrow slot in the jacket. The
standard floppy has a diameter of 8 inches, and the ‘‘mini-
floppy”’ has a 5%-inch diameter. Fuil fioppies contaisi up to 10
megabytes on 80 tracks. Double-sided minifloppies carry up to 2
megabytes. High-performance rigid disks—with 100 to 300
megabytes—have diameters of 8 or 14 inches. Typicali hard disks

revolve at 3000 r/min and floppies at 360 r/min.

Wiriting limits digital recording

The main limit on high-density digital recording is in the
writing process. The natural tendency of magnetized bodies is to

demagnetize partly, and so the strength of the readout signal-—
and ihus the erfor raie—depends on ihie sirength of the residual

39



Core

Track wndtr

7——“

[1] Read/write heads are basically electromaanats (A). and can-
ventionai heads are made of a ferrite cora (B). Much higher
densities are achleved by thin-film heads (C), which are made
through photolithographic processes, and have higher resolu-
tion, higher permeability, and less noise.

[2] The thickness of the recording medium and the gap and
spacing of the head are major factors determining the width of
the readback pulse, and therefore the maximum potential
recording density. Puise width may be reduced by decreasing
the gap or spacing of the head, or thickness of the medium.
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nagnetization. Demagnetization degrades the magnetic transi-

tion and reduces the signal-to-noise ratio (SNR). The noise spec-
trum is dominated by either the recording medium, the readout
transducer or tie read preampiifier. INoise may aiso enter from
adjacent track interference, as well as from old information not
completely overwritten. Adjacent track noise is especially hard to
handie, because u nas ine same spectrum as the information

1 ha minimizad he nes =€
inn mav ha minimizad by oo 5F mricrials

with higher coercivity and tb.mper coatings.

A major factor in reducing the signal strength is the separation
between the head and the disk surface. The signal decreases as an
exponential function of the ratio of the separation to the
equivalent wavelength (2-bit lengths) of the recorded data. At a
linear density of 2000 b/mm and a separation of about 0.1
micrometer, the signal amplitude decreases to about one-half
what it would be in contact with the disk. At a scparation 6f0.75

micrometer, the signal is only one-hundredth the contact signal,
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The readback puise shouid have very narrow width, as well as
ihaximuin amphtude, so that fiux transitions can be written close
together without overlapping adjacent pulses (intersymbol in-
terference). Pulse width may be reduced by a decrease in either
the head-to-head medium separation, the head gap or the mag-
netic properties or thickness of the recording medium. Pulse
slimming may be traded off for SNR through various methods
for spectral egualization. (Equalization reshapes ine spectral
dlstnbutlon, allowing the channel to pass the signal with minimal
distortion or improved resolution.) These methods optimize the
linear recording density by removing the intersymbol in-
terference from the playback signal while minimizing noise
enhancement. The magnetization transition should be narrow.
This can be achieved with smaller, more highly oriented particles
in the medium, with a mere uniform size and shape.

Improved coding techniques sought

The development of higher-density disks will require a reex-
amination of coding techniques and channel limitations. The
ideal code snouid minimize the toliowing quantities: (1) The
number of transitions per recorded bit (and therefore the record-
ing rate); (2) The dc component when the data has long strings of
1’s or 0's; and (3) The time between transitions, to make reclock-
ing easier (that is, the code’s run length should he limited).

Whether particulate media technology will be displaced
depends on the cost benefit of switching to thin-film media.
Under study for the past decade, thin-film disks offer the noten-
tial of a much higher SNR than par
lower peak shifts (thus promoting higher densntm)

The effﬂﬂ" to use more hﬁﬁh!v o umiform D par-
ticuiated media, with higher coercivity and decreased thickness,
has basically aimed at extending the limits of longitudinal mag-
netic recording (along the direction of the track). A fundamental
limit of the longltudmal method, however, is that the demag-
it £ 1icid L ihic medium approacnes 4mivi as the wavelength
approaches zero as density increases. At least one such form—
perpendicular recording—has been proposed by Prof. Shun-ichi
Iwasaki of Tohoku University (Fig. 4).

Whatever the hardware solutions to the problem of increasing
density, the software problems associated with accessing larger
memories will be difficult to solve. File access will become a ma-
jor burden a decade from now, when processors are 1000 times
fasier than today’s processors and there is 100 times more on-line
storage.
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An imponant requirernent for high-density performance is an
M-H curve wiih a high degree of squareness. The squareness lS
generaliy defined as the rario of ar € id
magnetization. In particulate media, it is related to the degree of
magnetic particle orientation along the easy direction. The more
sguare the loop, the more sharmiy the magnctizaiion changes
with the applied field and the narrower the output pulse fromthe

read head.

The demagnetizing field is — GM, where G is a geometric fac-
tor that is large for high densities and thick coatings. In a simpli-
fied picture, the operating point for the recording field, H, is at

the intersection of the demagnetizing field and the magnetiz

Curve. Highier coercivity maierials reduce aemagnetlzat.lon losses
because coercivity is proportional to remanence.

Thicknesses of about 0.5 micrometer are state-of-the-art for
particulate coatings on rigid disks. The particles are alizncd by
exposure to a magnetic field while the coating is still fluid.
However, floppy-disk coatings are unaligned, and they have a
e structure (they are punched from a tape web). The prac-

o s -
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s is abour 1 micromdter.
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Bit densily versus ¢ aek density

Changes in bit density are generally traded against track densi-
ty. The higher the track density, the narrower each track and the
lower the SNR (other factors being equal). One may reduce adja-
cent track interference by placing guard bands between tracks
and using special erase heads to sweep the bands clean before
wriiing. This, of course, has the resuit of reducing the potential
data track density.

As track density increases, however, it becomes increasingly
difficult both to position the head on the proper track and to
keep it there. The track mav he dienlacad b ooy faciors as
deviation between the axis of the drive spindie and the true center
of the dick as wall ac hv the pm‘mfnmtv of the disk and tha
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failure to lock the disk securely in the dnve. The head actuator
may also introduce vibrations. For many years, rigid disks have
had track-following servos to maintain proper head position
through special information recorded on a separate group of
tracks. Such servos were recently introduced in floppy disks.

position through referencing information recorded near the infor-
mation track: i

o

is ~Ff
(i) Comparicon of the amplitudes of reference sig

'nais, and (2j Comparison Of ili€ arrivai times of reference signais.

One type of amplitude method—the tri-bit technique— derives the

track position error from the difference in amplitude of two bits
tat are displaced from the reference position. An arrival time
method is based on diagonally recorded reference tracks on either
side of the data track. Here, the track position error is proportional

tc the difference in arrival times of the displaced bits. The percen-
tage position error due to random noise is inversely proportional to

‘the SNR. A number of reference samples must be averaged to

ivse ine errnr oc nnlch h\l mnﬂnm nnien
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Dlsk playback systems generally use a peak detection circuit, in
which the signal is time-differentiated and then analyzed in a
zero-crossing circuit to detect flux reversals in the presence of
noise. Tnc charaCienisiics oi ine isolated reversais do not shed
light, however, on the ultimate density that can be achieved for a

S
given head-disk interface.

The uliimate densily depends on iwo
types of distortion: (1) A linear part, resulting in inter-symbal in-
terference, and (2) A nonlinear pait iliai depends on the recorded
nattern of 1’c and 0’5 and {5 inhcrent in the ic\.uxd-uemagncu
tion process.

The linear part of the distortion can be corrected by linear
equalization, since it can be described, and it is pattern independ-
ent. Nonlinear distortion, by contrast, is not predictable by linear
methods. The nonlinear distortion, then, is the key factor
limiting density. Various methods have been developed for char-
acterizing it by removal of the intersymbol interference through
linear equalization. However, peak detection systems still
operate without precise equalization, and so nonlinear effects
may often cause distortion.

A major problem in designing disk memories, therefore, is
selecting a digital recordmg code for trading avaxlable SNR
against arcal density for a given head-disk sop 1, head in-
ductance, oxide thlckness, and magnetic properties. The efficien-
cy of a code is generally measured by the density ratio—the
number of data bits per flux reversal, which is equivalent to the
ratio of the minimum time interval between transitions to data-

bit period. The higher the ratic that can 5¢ aitaiiicd, ie 1635

Two basic methods are avaiiabic for correcting errors in track crowded are the pulses.
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times, vast data files can

stiil be processed in real
time by lagk.shosd sofiwara,
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The simplest code is the NRZ (nion-return-to-zero) type, which
offers the most efficiem use of avaiiabie bandwidth and is the

the head, witha 1 represented by positive saturation and a 0 by
negauve saturatlon The NRZ code has a substantnal dc compo-

bmlt-m to prevent the recorded data from having umntermpted
- strings of 1’s or 0’s. Such long strings cannot be recorded without
distortion at high and low frequencies, inasmuch as the recorder
cannot operate close to dc. Uninterrupted strings of 1’s or 0’s,
moreover, may not allow enough time to ensure lock-on by the
timing oscillator.

AnGiner shoricoing of INRZ. is thar, in piavback. a fiip-fiop
toggles between 1 and 0 every time it detects a change in magnetic
saturaiion. A singie-bit error, therefore, corrupts all of the
following data, since the flip-flop will be ot of phase with ths
recorded data.

Avu:.uy bwva Luuuw u_y un lcﬁgln have been ue’velopeﬂ, such
as NRZ-Inverted (NRZI), Instead of a change in saturation
direction on all transitions between 1 and 0, the saturation

_changes only when a 1 is to be recorded. When data is retrieved, a
transition change indicates that the data is 1; if no change occurs,
it is 0. This code also eliminates the probiem of error propaga-
tion. A dropped 1 will be misread as 0, but subsequent bits may
still be read correctly.

NRZ has a density ratio of 1. A code with a density ratio of 1.5
was developed recently, however, by George Jacoby of the ISS
Division of Sperry Univac in Cupertino, Calif. Termed 3PM
(three-position modulation), the code converts a group of three

- A Les sl
dAata hite intn civ nnda hite thoe ¢ arcroprescnted by the prosenc: sf

two 0’s are maintained between comni-
secutive 1’s, so that a minimum distance of three bit positions oc-
Cufs Beiweei i1uR Teversals. T1is COGE Was used 1o achicve a 50
per cent density increase in an ISS-Univac disk storage system
with 2500 b/cm, a 10 Mb/s data rate, and error rate of 1 per 10*°
bit

Progress toward higher densities is also linked to the develop-
ment of new recording heads, as well as to media. Conventional
read/write heads are made of an electromagnet with a ferrite
core—a ceramic made of iron oxide particles mixed with nickel
and zinc. However, ferrite cores have three disadvantages for
hmh-densml dicks: ( !\ Their Mrmna‘\-l-tn avhibite noor frequen
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cy response in recording regions about 10 MHz; (2) The head
dimensions are difficult to control accurately as track widths and
magnetic gaps decrease to less than 35 micrometers and 1 mi-

crometer, respectively; and (3) The high inductance causes high

A
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signal transitions, At lea
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Photolithographic techniques have been used in recent years,

however, to make thin nermalloy film heads, which can

ha w
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_ accurately aligned than ferrite heads and have high permeability
at frequencies up to 100 MHz (Fig. 1). The greatly reduced
volume of magnetic material results in lower susceptibility to

electromagnetic noise, while the thinner pole tips allow finer

resolution. The inductive circuit in the thin-film head is not a coil
of wire, but a thin-film conductor deposited as a spiral on the
surface of a silicon substrate. New disk systems using thin-film
heads, such as ths IBM 3081, have almost tripled previously
available density and capacity per spindie.

Thin-film haad OM‘lnnlnny combinac cm-umndl't’fl\! nrocess-

ameias ade Vewansava AVARIVY UwaASMV i s v,

ing with magnetic circuit design. The fabrication of core, coil,

42

and all the geometries is done through precision masks, plating,
and vacuum deposition. Severax hundred layers are commoniy
i H :I

process complexxty here may mdeed exceed that m conventlonal
lntezrated Cll‘CllltS Thls comnlgx_ntv has slowed progress in thin.
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2 cday is concen-
trated on structural refinements to allow larger write currents
without saturation, as well as to refine process technology.

The major advantage of thin-film recording media over par-
ticulate coatings is that they can be made thinner. Their coercivity
can also be increased more easily. The coercivity of gamma-iron
oxide particles can be increased if they are coated with a iaver of
metailic cobait. This is done by heating a solution containing
both the particles and cobalt ions. This type of medium is being
used in some high-density magnetic tapes, but it has not yet been
proved durable enough for dick annlicatione.

Limits of longitudinal recording

A{ some fuiure date, however, the limits of longitudinal re-
cording wiil be reached, even with inetallic thin filme, Thig limit ic
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imposed by a fundamental property of longitudinal magnetiza-
tion: The demagnetization at the transition boundary ap-

[4] Perpendicuiar magnetic recording can potentially triple the
recording density possible with conventional longitudinal
magnetlzatlon Readback may be performed by standard rlng
heads, but the single pols hsad (A) offers Ideal conditions for
creating perpendicular magnetization (B).

o

Auxahary\
pole

yledium ({])]

/

/
Medium (1)
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proaches 4nM as the bit density increases. Experiments by Tu
Chen and R:chard M Martm of the Xerox Palo Alto Research

=:—.r- nqy“pnl nrn“ oF rnun n.-nu-

ty recordmg in metallic media is actually the size of the magnetxc
clugters in the film. The masmeuzauon direction of each cluster
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the medium. At the magnetization transition boundary, these
clusters group to form sawtooth figures. At sufficiently high den-
sities—perhaps 10 000 flux reversals per centimeter—the recor-
ding process breaks down.

The density of thin films may be increased by a factor of 3,
however, by nernendicniar recording. In theory, perpendicular
recording allows the ideal step change in magnetization, since the
demagnetization approaches zero as the recorded wavelength ap-
proaches zero. Interest in this technique has been spurred by the

nrnnnrghnn l-uy c-u-“g--—u- AL ~nlaale A 1 Siloeo that avhihit

Conference. The conference combined the 24th Intermational
M’"“-c’d% Conference and the lsth Ccuuuvuw on Auagu\rualu
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NEWCOMET appear on pages 1444 to 1469 m a symposmm titled,
“‘Recording—Mostly Theory.” Especrally notable are the discus-

m~mmmci ,__,a, sotio= £= o ia
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Chi), and perpendrcular recording by S. Iwasaki.

Introductory papers by Dr. Iwasaki on perpendicular record-
ing were published in IEEE Transactions on Magnetics, Vol.
MAG-13, no. 5, September 1977, and Vol. MAG-14, no. 5,
September 1978.

“Pagsition sencing far high dengitv rnpnrdmo” iz analvzed hv

H. Ragle et al in IEEE Transactions on Magnetics, Vol.
MAG-14, no. S, September 1978, p. 327.
Floppy disk technology is described at considerable length in

siZ T TOSESTSaITIET:

columnar growth structure, with perpendicular anisotropy
favoring vertical magnetization
special recording head with a main pole of magneLc tnm-mm in
contact with the recording medium (Fig. 5). However, this head
requires a much higher recording current than the conventional
core, or ring-shaped head. This is because the perpendicular head
has a large air gap between the main and auxiliary poles. To
decrease the current, Prof. Iwasaki developed a composite re-
cording medium made of cobalt-chromium film sputtered onto
an iron-nickel film—which is, in turn, sputtered onto the base
material. The recording current needed to saturate the double
film is one-tenth that for the single anisotropic film.

The iron-nickel film decreases the magnetic reluctance of the
head by providing a low energy path from the bottom surface of

y £2F e Al et e
the oobaltchromium flm o the auxil tevy) ..""" o0 ""‘"‘a to

Prof. Iwasaki. In the remanent state, moreover, the lron-mckel
film rotates the magnetic vector so that it forms a horseshoe-
shaped magnetization mode—thus increasing the remiaiciii inag-
netization and decreasing the demagnetization field.

For further reading
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November 1979, special issue: Second Joint INTERMAG-MMM

i5] A major task In designing disk systems is to choose record-
ing codes that optimize signal-to-noise ratio, area density for a

glven hoad, and the thickness and ﬁggﬁéile propeitiss of the
medium. Such codes as Non-Retuin-io-Zero-inverted (NRZI),

Miller FM (MFM)\ and 2.ngsition moduisiion {30M) sliminate
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problems caused by long runs of 1's or 0's.
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published in Session 7 of the Electro ‘80 Professional Program.
The paper discusses the most important performance factors
geucraily governing disk technoiogy, inciuding: storage capacity,

access hmn data rate, error rate, ﬂnrnhnhh: and oast,

IBM Disk Storage Technology, a booklet, is available from
IBM (Technical Communication, 5600 Cottle Rd., San Jose,
Calif. 95193). This promotional literature provides excellent
background for thin-film technology beginning with the 3370.
The IBM 3370 film head represents a major change in processing
and geometry from those used on previous disk files.

Another excellent piece of promotional literature is Parallel
Mode High Density Digital Recording—Technical Fundamen-
tals, published by Bell and Howell, Datatape Division, 300 Sierra
Madre Villa, Pasadena, Calif. 91109. This booklet does assume
that readers have some familiarity with the principles of magnetic
Tecording, but oo Previous experience with hign-density record-
ing techniques. It summarizes, at any rate, the various encoding
schemes and discusses criteria of code efficiencv, handwidih sen

ST ALty PEIG G SV

sitivity, error rates, spectral sensitivity, and the like. In addition,
the booklet contains a lengthy discussion of error detection and
correction methods. The discussion indicates that the choice of a
recording code is a far more complex problem than could be
elaharated in the Spactrum article, In naralla! mada hish-dancity
recording, for example, not all bits recorded are actual user bits.
Those that are not include the bits used for synchronizing
playback, and for parity (an error-checking provision). The
added bits are called “‘overhead”. The overhead for various en-
coding methods varies from about 5 percent to 22 percent of the
recording snace that ic available, However low gverhead does

PR SLlle SPSVE Wifl LS SVRAASULS. SSUTWOVEL, 2O OVeIeaC

not necessarily make one code better than another. That is, a

code with lower overhead may actually require more tracks than
one with higher gverhead. A maors meaningful

ul eriterion of per-

formance that is brought out is the ratlon between usable, per-
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