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EVALUATION

Continuing advances in the technologies‘supporting wideband
communications and information handling are leading to extremely
large volume digital data systems. Tactical exploitation of data
for command and control applications requires immediate, real-time
readout of recorded data. Techniques have been demonstrated that
possess the required bandwidth capabilities, however, they do not
possess the required immediate readout capability essential to the
tactical commander

Presented are the results of a two phased study. Phase I
concerned an investigation of techniques to extend wideband digital
magnetic recording to accommodate input/output rates of 1.0 gigabit
per second. Areas of concern included track density, linear area
and volumetric packing densities and bit error rate in a two inch
longitudinal format. Phase II coupled the high density digital
technoliogy with fast stop/start/shuttle technology for rapid access.
A computer tape station modified for 2 inch video tape and vacuum

buffers was employed as a test bed.

D. 3 '
CK D. PETRUZELLI
roject Engineer
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SECTION 1

INTRODUCTION

This final report of the New Technology Study on Ultra Wideband Digital Recording
Techniques is organized to follow as nearly as practical the directions provided in the
Statement of Work, PR I-6-4087 dated 5 July 1975.

The first section {8 compiled as a sub unit that summarizes the complete program and

can be extracted as a quick-look for wide distribution,
The second section encompasses Phase I and is divided into four major areas,

The third section encompasses Phase II and is divided into six areas, including

recommendations for a Follow-On program,

The remaining sections contain support information for this report.

1.1 PROGRAM SUMMARY
1.1,1 Technical Problem

The amount of data that will be available as a result of high data rate communication
systems will cause gross changes in data management techniques by the 1980 time
frame. Tactical exploitation requirements for command and control applications
demand immediate or real~time readout capabilities, The approach most consistent with
a real-time or instantaneous readout is magnetic recording, Although techniques exist
which can accommodate these data rates (laser holographic), they do not possess a

real-time readout capability essential to tactical situations.




1.1.2 General Methodology

The investigative procedure employed on this prosram is in two segments: Phase I
concentrated on the study and investigation of techniques necessary to extend wideband
digital magnetic recording to accommodate input/output rates of 1 gigabit per second.
Phase Il concentrated on coupling this technology (high density digital) with fast stop/
start/shuttle technology for rapid access for exploitation purposes, The end item of
this program was a feasibility demonstration of the Phase II objective and this final

report detailing the techniques investigated.

1.1.3 Technical Results

This study has resulted in an optimum system design approach for a fast access 1Gb/s
data recording/retrieval subsystem, A modified computer tape station, as shown in
Figure 1A, resulted from the incorporation of a 2 inch vacuum capstan, 2 inch wide
tape vacuum columns and bins, calibrated reel motors, NAB type reel hubs, pneumatic
subsystems, and electrical interconnections, Detailed experiments were performed

on the vacuum capstan torque and coefficient of friction using back coated tape. Reel
motor parameters were calculated and measured as to their acceptability in the system,
In addition, test data was obtained from a parallel study program, using newly de-
veloped recording technology, at up to 50, 000 bits/inch linear bit packing density on
standard video magnetic tape (Figure 1B), The improvement gained shows that the

new technology hardware is achieving at 40, 000 bits/inch what the original HDMR hard-
ware achieved at 20,000 bits/inch. The bit error rate (BER) shown is uncorrected,
The Error Model and Error Detection and Correction techniques developed have shown,

by computer simulation, that a 100:1 improvement can easily be made in BER,

1. 1. 4 Implications for Future Research

The positive results of this small scale study indicates that a follow~on program
should be highly successful. This follow-on program would provide test and evaluation
of the fast access transport design developed on the present study program. Coupling
this transport with the high packing density record techniques shown here should pro-

vide data storage and retrieval equipment which meets the Air Force goals.

2
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SECTION 2

PHASE I: ULTRA HIGH DENSITY DIGITAL RECORDING TECHNIQUES
STUDY REPORT

2.1 TECHNOLOGY GOALS

Real time readout capabilities of high data rate communications from a storage medium
is necessary to meet the data management requirements of the 1980s, The approach
most applicable for tactical exploitation of access and control of this data is magnetic

recording,

This study addressed these goals and investigated and demonstrated the techniques
necessary to advance high density, digital magnetic, longitudinal recording technology
to accommodate input/output rates of 1 gigabit per second, Areas requiring investi-
gation are: (1) optimum data recording codes for optimum packing density, signal to
noise ratio and resolution, (2) optimum head design to minimize crosstalk, skew,
azimuth, noise, and record/reproduce losses, (3) optimum tape transport configura-
tion, including the impacts of wide tape, high tape speeds, and size and location of

vacuum chambers,

The following design objectives were explored:

Packing density: 50 Kilobits per inch  Bit Error Rate: 1 in 10-6
Minimum tape reel diameter: 14 inches

Minimum tape width: 2 inches

2,2 FUNDAMENTAL LIMITS OF MAGNETIC RECORDING TECHNOLOGY

RCA has identified the fundamental limits of magnetic recording technology including
the number of bits/flux reversal, minimum bit error rate in-track packing density,
cross-track packing density, flux reversals/inch and limits to the performance of
magnetic head materials. The detailed designs of existing items were reviewed to
ensure that the time obstacles to major improvements are defined, The principal

recording technology components investigated are:
5
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Head/tape interface

Record/reproduce response & losses
Magnetic head materials and fabrication
Modulation coding

Error detection and correction coding
Track Density Tradeoffs

2.2.1 Modulation & Coding

In the area of modulation and coding there are no severe limitations as to techniques
and design approaches within the known information theoretic bounds. The perform-
ance limitations are primarily those of the recorder analog channel (write transducer,
medium, read transducer), From the point of view of hardware mechanization, the
current state of the art of high speed logic devices and LSI design has removed the

last limitations to sophisticated and complex signal processing circuitry.

The limits of the present analog channel are presented in graphical form on the fol-
lowing 2 pages, The modulation/coding study was a two step process; first using

the present analog channel model and finally, using the improved analog channel results
from the head and head-tape interface studies, the analog channel can be fully charac-
terized by its S/N and amplitude response (Figure 2), drop out rate and distribution
(Figure 3) and phase response (read function = 90°, inter-symbol interference = 10%,

group delay = 50ns),

2,2,2 Tape & Head - Tape Interface

In the area of tape and head-tape interface, the primary limitations in the present
approach to higher density recording are the scale factors of the head-tape geometry

and physics, The limiting tape and head~to-tape interface narameters are listed below:

Scale Factor Induced, Limiting Items (See following definitions of terms)

- Head-to-tape separation (d)

- Tape dropouts (D.O,) related to d/x
X = Tape particle size (P)
X - Particle retentivity (pr)
6
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DISTRIBUTION DATA POINT
kL -—:— —— e
— il
0 - e - |
B -}-.‘Q_ e —-— 93730
25 p—
20 p —
461
15 |— \ 361
o DROP OUT RATE - 4 REF 143
| | | | ] |
100 10! 102 103 104 108
DROPOUT SIZE (MILS) DISTRIBUTION
019 0.60
19-31 0.30
3144 0.09
44.00 0.01

1.00 TOTAL

DROPOUT DATA ON CURRENTLY AVAILABLE TAPES WERE
TAKEN TO PROVIDE THE “FADE" CHARACTERIZATION OF
THE PRESENT AND PROJECTED RECORDER/REPRODUCER

ANALOG CHANNEL.

THE CONCLUSION DRAWN FROM THIS TEST DATA IS THAT
THE TAPE MOST LIKELY TO BE USED FOR THE PROJECTED
APPLICATION WILL BE A VIDEO TAPE AND NOT A SO CALLED
“PCM TAPE".

Figure 3. Analog Channel Drop Out Rate & Distribution

- Tape area/bit

length () 1= A/2 = 2g assumed
width (w) track size
X - Tape oxide thickness (c)
X - Particle uniformity distribution of particle sizes, He, Br,
factors orientation,
- Quantity of particles (q) determines read voltage
within 2g of head gap
X - Tape Self demagnetiza-
tion factor (a) u"/in dependent on Br/Hc ratio

(X) factors are limited by use of available tape

d Limits

The items labeled (X) are strictly tape dependent and we are limited to the best tape
available which, at this time, is Memorex MRX-716, The balance of the listed items

e — —ge




are at least partially dependent on the "composite' head-to-tape separation (d), which
has always been called '"distance between head and tape', but which is in the true
physical sense a four dimensional number, (d) varies across the track, (w) varies along
the track, (1) varies considerably when considered as the distance between the head

and the mean position of the tape particles (q) and all three vary with time. This com-

posite effort can be listed as: d = d1 +d_+ d3 + d4 where:

2
(dl) dc term (average d) 10u"
(dy) ac term (tape roughness) 6u" pp

(d3) burst noise term (tape dropouts/imperfections) extremely variable - no
independent measurements,

(d4) dx/dt term (dynamic response)

dl’ d2. and d3 are spatial and physical static tape properties, d4 is the result of dl’

d2 and d3 interfacing with a fixed head contour under sliding conditions, in the presence

of a fluid (air) and is the dynam ic response factor given all of the above inputs, dl'
d2 and d3 are given and fixed by the available tapes. d4 is the only limiting item which

can be addressed by this study, It is also an area which lends itself to computer

analysis,

Definition of Terms & Limits

g = head gap length
Hc = tape coercivity in Oersteds (Oe)
Br = tape retentivity in gauss

p = mean tape particle size
acicularity = length/diameter of tape particle (p)

Tape squareness = Br/Bs: each particie has a Br/Bs of 1,0 (square loop); particle

distribution, orientation, etc,, reduce this ratio considerably and variably.

Bs = mean saturation flux density, which saturates all of tape, producing the

maximum Br,




Orientation = degree of acicular particle alignment relative to desired axis of mag-

netization (1,0 is perfect, 0,5 is random),

(d) = head to tape separation; a very nebulous number because it is so dependent on tape
surface roughness. In fact in most intimate contact systems d = tape roughness, if d
is construed to be the maximum separation between head and oxide. If d is considered

as distance from the particles, it varies from 0 to ¢ in every tape,

¢ = oxide thickness; for particle tapes, limited to 60p inch and larger by dispersion
(surface tension) problems in the coating process,

w = track width

FR = Flux reversal; equals 20 u inches at 50,000 FR/IN

q = useable volume of oxide/FR = FR2 x w

V = read voltage which is proportional to q, Br---

D.O. = DROP OUT: when V is reduced to system S/N threshold

D.O.R, = DROP OUT RATE: ratio of D,O, to non-D.O, condition; nominally

BER = -[l—%i

BER = Bit Error Rate: ratio of bits in error to total bits in any considered # of bits

a = Tape self demagnetization loss; the length of the flux reversal transition zone,

This is 0.5 x t,
t = oxide thickness

t* = effective oxide thickness =-§-typically

A =2 FR = minimum wavelength
# = magnetic permeability or micron (10-6 meters)

4 ' = microinch (10-6 inches)

10
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p Limits

The tape particle size i{s nominally 12u', This limits the shortest useable A to the value
p, at which A the tape magnetization wiii be zero, Because p varies 2:1, this null is
never zero, but the net effect is loss of ordered signal orientation. For presently
available tapes, p limits A to 24 4" which limits FR to 12u', The 204" FR (goal) will
suffer an estimated 4dB loss due to FR =1, Tp. (See Figure 4,)

Combined d, ¢ and g Losses

Assumed: head/tape separation (d) = 104"
gap length g) =10u"
oxide thickness (c) =100m"

The d, c and g read losses are:

Spacing loss (L g = 54 d/ A (dB) (Westmijzi)

PARYICLE $121
LOSSFACTOR
"

PAPE PARTICLE 5 2E tr MUST MH0DLLE A
APLITURE LOSS nn s v AT 1
PAHTICLE 1+ FAW

>3

Figure 4, Loss Factor of Mean Particle per Data Bit

11
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2w c/ A

Thickness loss (L ) = 16dB @ C = A + 6dB/Octave = 20 log
c 10 _e-21r ok

1
& sin xg/)\
Aperture loss (Lg) 20 log, [_Ta}L][Wallacel

{Westimijzi]

FR/IN = 20K 25K 50K
A = 100 80 40
L, = 5.4 6.8 13.5 dB
L, = 16 18 24 dB
Lg oo o 1 dB
Total = 21 25 39 dB

Therefore a 14dB increase in S/N is needed to make up read losses incurred in going
from 25K to 50K FR/IN, This effect is shown on the following chart (Figure 5) as a
function of FR/IN,

(a) Loss

For available tapes, (a) is limited to 0, 5t' which is 50 4" for saturation of full oxide
on standard tape,

FR = 2a maximum

Bit Squareness Limit (w/1)

Recording a flux reversal (data bit) on tape with a format of 20 u" by . 025" is approach-
ing the scale factor (w/1) limit where the system tape skew and head azimuth errors
will smear or wipe out the read signal, For a nominal tape skew of 1004 "/in

the skew error across a ,025'" track is 2.5 " or 12% of FR, which is beginning to
effect the read signal by crosstalk between bits (intersymbol interference).

The head gap must also be straight within 10% of the FR (2 #") to keep the signal ampli-
tude smear below 1dB. For separate read/write heads, the gaps must maintain azimuth
parallel within 0,004°. Both of these factors are at the limits of mechanical tolerances.

12




895807 peoy °G aandijg

13

$35S07 av3d 100t = 2
(0001X) HINI ¥3d STVYSY3IAIY XN14 LMoL = P
%0$ %52 %01 %5°2 oy = ¥
r; J u ~ v
.4,; ] I REE
T i “ T ; 1T
| i At i
il W it 11
‘_ 11114 _ 4 41.1,
| 1T | ! H
___,_._ﬂ: AP m.._ ? {1 UUH
il . HiH
R ANU Uil R
! . H - ; H 4 444+ 4
il il : il ! i jisans
Al I HHEEN it e
JHI0 (IR 1 Vil " 1
i ; LTS Nl 1 ! J i ]
£l (A NI il
u.”m.. ._vr HH : ~ (0 i ’ _*. _1r; H YU ml 1 ln
1] i r Hi Lx HH HH
p s .I#LI
I N | i :J
_._ ‘i ’lv 1 atl i i1
4 22 L 44 411
| i 1 it HHHE
| - BT iHT
it HH B - 1
. _ L;vv llif \LA..ML
i er g THH ' _~T .
e s ~ o
" o o wm ~ e - -~




Two u'' is about the limit that material can be polished, therefore any head gap will
have at least 2 u'" of edge wander due to surface finish alone, plus 2-10u " of drift due
to stress etc, For these reasons, 10u" gaps should be limited to use at W = 10 mils.

@ 20u" limit/TRK Track width (Mils)

20 8
limiting skew 800 2000 u"/IN
tolerable skew 80 200 u"/IN
limiting gap az .04 .07 degrees
tolerable gap az .004 . 007 degrees

Table 1 lists the discussed scale factor limiting items,

2.2.3 Magnetic Heads

In the area of magnetic heads, the most severe limitation is the head read efficiency.
We are presently not reading tape noise by about 10-12dB, The second most severe
limitation is the length of the write magnetization transition zone, We do not know if
we are tape demagnetization limited (a) or record field gradient limited, or single turn
slew rate (amps/sec) limited, The total write system is presently useful only up to
33K FR/IN,

Present read limitations are:

preamp noise floor 0.056x Vrms/turn

Head Eff, - S/N

25dB (excluding dropouts)

Write FR Gradient 2 (= t/a)

Read/Write Process

The following describes the read/write process which, in combination with the read/

write head, limits the analog channel performance,

14
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1.

3.

Magnetization of Tape a)

b)

c)

d)

Self Demagnetization e

of Tape

Read Process

Varies according to field strength, direction and
duration,

Highly non-linear at particle level, but linearizes
with short A.

Varies due to particle clumping, size A and
proximity A.

Distorted by tape movement during field change
(dx/dt).

Caused by interaction of particle intrinsic fields
after removal of record field,

Also caused by increase in particle intrinsic
demag field after removal of Hi g Field Shunt (Head),

Varies due to (¢) and (d) above,

Presence of Hi u head reduces these fields and
concentrates them in the head,

Head field is a summation of the fields of all
particles in the vicinity of the head (gap).
Variation of the field in the head generates voltage
in the head output wire (d¢/dt).

2.3 IMPROVEMENTS REQUIRED TO ACHIEVE PROGRAM GOALS

Bt &

Present System l.osses

The losses incurred in the present system can be calculated if the ideal lossless per-

formance level is known and the present system performance levels are measured,

The following calculations start from the ideal digital channel probability of error

-5
(BER) v8 S/N. The minimum BER of 10 = requires a channel S/N of 11, 5dB with no

dropouts,

To achieve this S/N a minimum of 200 tape particles is required which

limits the track width to 38u" or 26, 500 tracks/inch absolute maximum,

The ideal read signal for an ideal block of magnetized particles is calculated to be

smv for the present 8 mil track and 80 turn head at 120 in/s at any BPI, This is valid

e p——————
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in an ideal lossless system because the 6dB/octave loss of tape magnetization (MMF),

thickness loss (¢), is offset by the 6dB/octave gain in d¢/dt,

The write (record) losses are calculated to cause a 12dB reduction in the above assumed
MMF which also causes the 12dB octave record loss variation in tapes when the re-

corded signal wavelength (A ) is less than the oxide thickness,

The present system signal and noise levels are given and the total losses indicated are
35d13. The read and write losses calculated are also 35dB when the head efficiency

losses are estimated at 7 + 10dB = 17dB,

The present decoder performance is calculated to be 9, 5dB poorer than the ideal de-

tector based on actual bench test data,

2.3.1.1 System Threshold S/N

For an ideal detector, the system threshold S/N can be calculated1 and is plotted
below vs. BER (Figure 6, curve A). For Delay Modulation (DM) a 2dB increase is
required to allow for the necessary double strobing of each bit, (curve B), Assuming
that an EDAC scheme will provide 102 improvement in the channel BER, a raw BER

=4 -5
of 10 requires 10, 5dB S/N for the ideal DM detector and 10 ~ requires 11, 5dB S/N.

2,3.1.2 Track Width Limit

Tape particles produce quantum noise, A minimum number of particles (n) is required
-2

to achieve the threshold S/N power of 11, 5dB when 11,5dB = 10 log n ; n = 200

particles,

7

2 3 15 g
particle = 124" long by n(p'') area = 127 (') volume (10 particles/in")
3
507 loading = 24m (u') /particle

3 :
X200 particles 15,080 (u'") volume for threshold S/N
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Figure 6. BER vs S/N
At a recording depth = to one FR:

15,080(k")° = 20 x 20 x W

W = 1_5_;0268_0 = 384" quantum limit

or 0,0265 TRACKS/u1' = 26,500 TRACKS/
INCH absolute limit with no guard bands
5.0 x 104 BPIx 2.6 x 104 TPI=1.3 x

e 10° BP absolute limit if FR = 1 bit.
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2.3.1.3 Present System Signal Limits (No Losses)

206"
(.54) = TAPE VOLUME/BIT @ SOK FR/IN
MM
/ AREA (A)
8,000u" 20u"" (.5u)
(200u)

200 x .5 x .5 = 50(n)°
Available tape Br = 1500 gauss = 0, 15 Weber/Meter>
-1 g 2
A =100 x 10”2 (m)2 = 10" 1%m)

=Flux =Br x A = 0,15 x 10" 1° Webers

-10
e = Nd¢/dt = N 2,18 x 10 \;'ebers = 10-4 volts/turn
0.167 x 10 ~ sec
. 20”” o
= T o0in/s =16 us
@ 25K FR/IN
d¢ = X2 (X2 area)
/ - dt  =1/2 (X2 bit)
MMF
AREA (Al d¢/dt = 8 mv @ preamp input
40

8,000

Ideal tape output is only a function of track width for ideal HDMR recording,

vREAD LIMIT = 1 mv/Mil @ 80 Turns

19




2.3.1.4 Record Losses

a, Record Demagnetization*

¢ = oxide thickness a = 0, 5¢ max

FR = 2a = depth of recording (t)

X =2FR =4a
2a
(*) reduces the magnetized tape volume by
50% or 6dB (shaded area is demagnetized)

2a/a or a slope of 2 is the limiting remenant
jo— -—Jl field gradient allowed by the tape self de-
jo—— FrR—of magnetization effect.

b. Record Field Gradient

28
100%

TR

The record field gradient must necessarily limit the tape magnetization at
the FR boundary to 50% (random) orientation, The degree of tape mag-
netization therefore, varies between FR boundaries from 507 to 100% to 509
and varies into the oxide from 100% at center between FR to 50% at the limit
of record penetration (2a), This causes a nominal 50% or 6dB reduction in
equivalent magnetized tape volume,

¢, Total Record lLosses

a plus b above equal 12dB loss over the assumed ideal magnetized tape
volume, This also produces a 12dB/octave variation in record losses where
A < ¢, which has been confirmed by test measurements, and due to the same
effect; 4:1 reduction of magnetized tape volume by 1/2) and 1/2 t.

20
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2.3.1.5 Present Signal/Noise Levels

2MHz BW
20,000 BPI (FR/IN)
100 in/s

Pre Amp Output Signal = 500MVpp @ 1MHz for optimum DM R/P
(200MV rms)*

= -14dBm (Vrms = 0.707Vp)

Pre Amp Output Noise = -67dBm (3kHz BW)

-2
(-39dBm @ 2MHz BW) [zo log (2—M"i) = 28dB = 25:1]

3kHz
Pre Amp Gain = 65dB
Head Output Signal = 200MV - 65dB = 113KV
Head Output Noise = 1134V - 25dB = 4,54V
Head Output S/N = -14 - (-39) = 25dB @ mid band (1 MHz)

Single turn head output @ 100% transformer eff, (80:1)
Signal =1,4uV /turn
Noise =0,056u V/turn

2.3,1.6 Present Read/Write Losses

8 myv

0.113 mv @ 100 in/s

No loss signal

Actual signal

X1.2= 0,1356 mv @ 120 in/s
8
= d
Losses 20 log 0.136 = 35dB
Read Losses
Separation loss Ld = 6dB@d=10pu"
Gap Loss Lg = 0dB@ g < 204"

*can vary +6dB with heads; value given is typical.
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Magnetic circuit, gap loss = 7dB

Core eff, x single turn eff, x transformer = 10dB

Record Losses

Tape demagnetization = 6dB
Record field gradient = 6dB

Total Losses 35dB

2.3.1.7 Present Decoder Losses

DM threshold S/N for 10~ BER = 10,5dB
Present detector S/N for measured 10-4 BER = 48dB (BkHz)
(Sce Figure 7) with no timing errors = 20dB (2MHz)

Present decoder loss = 20 - 10,5 9, 5dB with no timing errors

2.3.2 Additional lL.osses

The following flow chart (Figure 8) describes in summary form, the losses to be in-
curred in going from the present 20K FR/IN system to the goal 50K FR/IN system,
These losses (33dB) are recoverable by achieving the improvement factors in the four
areas shown, Full recovery will yield 10-4 BER at the goal values listed, EDAC.
presently achieves 102 improvement in BER with 8% overhead and can be assumed to
achieve 108 improvement with the same or additional overhead and additional sophis-
tication of algorithms., 10"7 BER is thus achievable with the present 10.4 raw BER,
The raw BER is assumed to be totally due to dropouts when the detector BER is less
than 10 at the system S/N,

The additional record losses at 12dB/octave are 15dB; read losses (from the curve
previously used) are 13, 5dB for separation and 1dB for gap aperture, 14,5dB less
the present 5, 5dB yield 9dB additional read loss.
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STUDY PROGRAM GOAL = 106 BER

EDAC FOR 102 IMPROVEMENT

104 BER OFF TAPE (DROPOUT
LIMITED)

!

10°5 OFF TAPE (S/N LIMITED)

OTHER
BELAY MODULATION
MODULATION SCHEMES
THEORETICAL
SIN
RCA 1
20K FR/IN CURRENT MARGIN REQD,
70 TRKS/IN PERFORMANCE BECAUSE OF
2 IN. TAPE NON-IDEAL DET,
ADDITIONAL
-15d8 | RECORD
LOSSES
_gge| ADPDITIONAL
READ LOSSES
ADDITIONAL
- 3a8 PARTICLE
SIZE LOSS
_ 8d8 NARROWER
TRACKS
GOAL
50K FR/IN IMPROVE s REDUCE INCREASE
100 TRKS/IN e DeT. 1 LO.TAPE o{ PREAMP |9 HEAD EFF,
4 IN. TAPE -334d8 TOTAL (-9.5 dB) (-13 d8) NOISE (~17dB)
+6 4B +6 d8 +11 48 +10 dB

Figure 8, Losses Flow Chart to Achieve Goal
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If we are limited to one bit/FR, 50K FR/IN equals 50K BPI, and 100 tracks/inch is a
reasonable goal, If we maintain the present 6 mil guard band between tracks, the 70
tracks/inch to 100 tracks/inch reduces the data track from 8 mils to 4 mils for a 6dB
foss. The 204" bit has a 40u" A and is approaching the tape particle size of 12u",
From the previously used aperture loss curve, the additional loss for tape particle

size is 3dB,

Total additional losses are 33dB.

2.3,.3 Improvement Estimates

Improvements in system performance can be gained in four areas, The detector has
a 9, 5dB loss of which 6dB should be recoverable. The head-tape separation loss is
13dB of which 6dB should be recoverable, The present read preamp noise is 12dB
above the tape noise; 11dB should be recoverable. The magnetic head efficiency has
an estimated total loss of 17dB (14% total efficiency) of which 10dB should be re-

coverable,

The improvements total 33dB,

2.4 SYSTEM OPTIMIZATION
2.4,1 Analog Channel Characterization

The first and most important step in system optimization is the most complete and
detailed characterization of what has been called the analog channel, Figure 9 indi-

cates the core position of the analog channel in a system model.

Major aspects to be characterized are:

e channel response in the frequency and time domain
e noise spectral distribution:
- uncorrelated

- correlated (from adjacent channels)
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Figure 9, Digital Magnetic Recording System Model
e dropout statistics: distribution of burst length and guard space
e parameters variability (statistics)

The performance limitations of an analog channel are primarily those of the write

transducer, medium, and read transducer and are shown in Table 2,

TABLE 2, ANALOG CHANNEL LIMITATIONS

S/N U BRI B T A I B I B A A B B I O I B B B N B llead/Tam/ElectronicS

Amplitude Response

Head/Tape R€SpONSe .....ovveuvseeessss. Head/Tape
Drop Outs (FAding).......cceeevseeeees.. Tape/Dynamics

Phase Response

Intersymbol Interference ,............... Tape/Write Field/Skew
90° Phase Shift (d¢/dt).......c00se00.... Read Function

Grcup Iklayl.l.l.‘...l....l.lll....".. EleCtron!cs/w‘dng
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Once the analog channel is precisely characterized, the designer of the communication
channel - on the initial assumption that he has no control on the analog channel - can
start reviewing his options, assessing the merits of each, and predicting performance

for given sets of choices,

Each element of the analog channel was investigated as to the possibility of improving
its contribution to the overall channel characteristics,

The result is an improved analog channel to be used for the final design to be bread-
boarded,

2.4,2 Digital Channel Improvement Options

There are three major digital areas where performance improvements can be

obtained external to the analog channel:

1. detection (Table 3)
2, error control (Table 4)

3., modulation (Table 5)

These three areas can be put immediately into proper qualitative perspective by ob~
serving that while any improvement in any of the three areas would involve some added
hardware complexity — which is acceptable, both technologically and financially —
any improvement obtained from a modulation or error control scheme potentially in-
volves a loss of SNR or transmission rate, The point to be made is that as the margin
left for potential performance improvement gets smaller, the designer is well advised
to ensure that the detection scheme is as close to the optimum as possible before
proceeding to other areas of improvement,

1. Detection, The case of reception with no intersymbol interference will be
discussed first, The read-transducer acts as a differentiator with a three-
level output. Each output pulse carries information not only about the
occurrence of a flux~reversal but also about the state the transiitter was in

before the veversal occurred, Likewise, when delay modulation is used each
transmitted waveform carries information also about the next symbol to be

27
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transmitted (look-ahead), These two examples show that we are dealing with

a channel with memory that can be modeled as a convolutional code or a finite
state Markov process.2 The receiver should be mechanized so as to exploit as
much of the information available as possible; not by making a decision on one
symbol at the time, but by making the best estimate over the memory span of
the channel (bit~by-bit sequential detector).

In real systems affected by intersymbol interference, bandwidth equalization,
either in the frequency or time domain, is usually added to the receiver to
minimize the amount of interference at the sampling instants, Although
effective in many cases, this is not an optimum scheme, since it suppresses
information about the symbol to which the interference belongs. This is
particularly so, if high transmission rat. s per cycle of bandwidth are desired,
The relatively recent signaling schemes called partial response or correlative
actually exploit intersymbol interference by introducing it intentionally in the
waveform to control the spectrum,

Recent developments in optimum non~linear receiver are based on the concept
of matched filter extended to a sequence of symbols (maximum likelihood se-
quence estimators, MLSE). The basic idea is as follows: the receiver takes
a sequence of received symbols of length comparable to the length of the
channel impulse response (say N symbols), matches it with each of the pos-
sible (2N for binary symbols) sequences of N symbols, computes for cach the
conditional probability of occurrence and chooses the most likely sequence as
the transmitted one, MLSE mechanizations, much simpler than the basic
concept may imply, have been developed, The Viterbi algorithm is one of
them,

TABLE 3, DIGITAL CHANNEL IMPROVEMENT OPTIONS, DETECTION

P g 6 7 § 1

1. Add memory to allow analysis of groups of data bits (look back-
look ahead),

(Utilize unique pattern sequence to help make decision (built in
redundancy).

2. Exploit intersymbol interference as control or prediction.

3, Maximum likelihood sequence estimation (MLSE) type algorithms,

|

Optimize the Detector
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Error Control, Qualitatively, and from a practical point of view, the channe]
for a high density digital recording system is easily characterized: it is a
bursty channel featuring an extremely low probability of random errors,

Errors are caused by signal dropouts, occurring at random as to duration and
frequency, but with average values that decrease as the signal level increases,
Statistics are available to model a fading channel,

When a dropout occurs, it affects a roughly circular spot on the tape, and
hence, a few tracks across the tape but for a wideband system, hundreds or
thousands of bits along a track.

Next we observe that if the beginning of the dropout could be detected and
pointers set to the tracks involved, we would deal with erasures rather than
error, Less redundancy would be required for coding since a code can correct
twice as many erasures as errors, In fact, a single parity check applied to a
string of binary digit, no matter how long, can correct any single erasure,

By interlacing the codewords as many times as the length of the burst in bits,
all bursts of that length or less can be corrected,

More specifically, a 160-track tape can be instrumented for error control
(against dropout) as follows:

a, divide all 160 bits across the tape into 20 3-bit supersymbols, of which
19 carry data and one is the parity check supersymbol;

b. encoding: the parity check results from the modulo-2 sum of all 19 data
supersymbols;

¢, decoding: fill all erasures with zeros; compute the syndrome by adding
modulo-2 all 20 received supersymbols; correct each erasure by adding
to it the binary symbol contained in the corresponding position of the
syndrome,

This simple scheme with about 57 redundancy can correct a single dropout in-
volving up to 3 adjacent tracks, In addition, it can detect at least one random
error, which would be corrected if we had a means to identify the track in
which it has occurred, Earlier we have discussed potential improvements in
the waveform detection by taking advantage of the information carried by each
symbol about the preceding and/or the following symbol. This information
can be used to detect the possibility of an error, which once correlated with
the transverse parity check will lead to the correction of the error if it has
indeed occurred,

29
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This surprisingly simple and yet powerful coding scheme is one of the many
options that coding theory offers, It also shows that efficient schemes need
not be complex or sophisticated or require elaborate channel modeling,
Efficiency usually results from an integrated design approach which considers
modulation and coding at the same time, not necessarily — although desirable
for the purpose of combining them into a single process,

TABLE 4. DIGITAL CHANNEL IMPROVEMENT OPTIONS, ERROR CONTROL

1. Add drop-out detector—correcting "erasures’ instead of errors W
doubles EDAC power,

5 - 222 cintinan amda SAAMNIIARAD bA IRAPOQE rar
Z. Use redundancy and unigue code sequéence to increase eryvor de-

#

!
3 l
i tection power, |
“ 1]
! 3. Interlaced EDAC code words to break up errors. E
i
l 4. Trade off across track vs. along track EDAC schemes.
A §
‘ DROP OUT :
|
Ml N |
1- 2 TRACKS |
|
&
f M. ——
| 000 20008175
Optimize Error Control w
= - J

3. Modulation, Modulation in this application is the process of encoding the
l.)};:—u'_y; data sequence into another sequence of binary (or N-ary) waveforms
that facilitate the extraction of timing at the receiver, and shape the frequency
spectrum of the signal to match the frequency response of the channel,

An upper limit to the response of a given recording system is set by the highest
density of flux reversals (transitions) allowed for an acceptable level of signal
distortion, The lower limit is set at zero - frequency where for most prac-
tical systems no component i3 allowed for any possible data sequences, An
optimum modulation scheme then is the one that allows as high a data rate as
possible within that frequency band,
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A variety of modulation techniques have been developed with varying degree

of success and practical applicability, They may be broadly grouped into binary
and non~binary approaches, The non-binary approaches consider multi-level
or multi-phase waveforms, and attempt to trade the inevitable loss in SNR at

the decoder /detector with the inherent greater efficiency of higher order
1lphabet (as against binary), Progress in this area of research has not ad~
vanced as much as in the binary waveform approach, Indeed, promising

hinary techniques are being generalized to non-binary codes,

The rather simple and efficient binary coding scheme (delay modulation)
successfully used by RCA, matches reasonably well the frequency response
of the channel, except for the de reﬁ'ponse of certain repetitive data patterns
that, if persistent, may create’signil distortion, This problem seems com-
mon to most schemes developed thus far and its solution appears the major
target of current research,

The conceptual basis of current research in binary coding is to map successive
segments of a data sequence into sequences of binary symbols with certain
constraints,3 such as:

a. No fewer than d consecutive zeros are allowed in the coded sequence;
this sets the highest transition rate;

b. no more than k consccutive zeros are allowed in the coded sequence
(minimum transition rate for time extraction);

o. the accumulated charge at any digit position in the sequence is bounded
by +C units (to constrain de response),

Inevitably these coding schemes require the addition of redundancy (for effec-
tive schemes 1000 or more), However, the upper limit of the coded wave-
form bandwidth is still controlled by the highest transition rate and may re-
main the same as for the noncoded sequence if we chose d=2 and add 1009
redundancy, The gain of course is in an easier synchronization and a zero
de component,

Run-length limited or bandwidth compaction are different names for this basic
coding technique,

A certain amount of loss in efficiency is inherent in these schemes due to the
redundancy added in the coding process, For this reason researchers are in-
vestigating the possibility of using this redundancy also for error correction
or, at least, detection,
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For high density systems featuring long error burst along the track, error
correction schemes acting along the track rather than across appear rather
inefficient. The incorporation of some form of error control into waveform
encoding would then be of doubtful usefulness,

Another potential area of research is multi-channel or two-dimensional coding,
where now patterns of symbols across the tracks would be controlled as well
as symbol patterns along the tracks.

The application of partial response techniques used successfully in communi-
cations systems appears particularly suitable for wideband recording since
instead of adding redundancy to reduce distortion, the techniques exploit the
distortion itself to convey information, and is known as Enhanced Delay
Modulation (EDM),

The proposed task IV investigation is expected to be primarily of an analytical
nature to extend and advance the level of development for those particular
approaches most efficient for wideband system applications, Experimental
work can then follow to demonstrate/prove the task IV conclusions/recom-
mendations,

TABLE 5. DIGITAL CHANNEL IMPROVEMENT OPTIONS, MODULATION

General e  Make the best analog channel fit,

e Make the best use of the detector,

Specific e Minimize number of octaves,
e Minimize signal rate.
e Eliminate dc from signal,
e Add memory and do block coding.

e Block coding overhead plus EDAC overhead for
error control,

e Trade off compaction vs, statistical errors,
Use multi~channel modulation (2 dimensional)

Optimize Modulation Technique
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2.4.3 Tape Magnetics

Tape is a given and limiting factor, It is given because tape development is out of
scope for this effort, It must be analyzed, however, so that its limitations are as
perfectly understood as possible and so that we may know how to work around them,

The following discussions give insight as to how these limits could be changed.

The tape self demagnetization is of primary concern, and the effects of tape particle
size and oxide coating thickness are of major concern in the tape magnetic perform-
ance, The tape surface topography is of major concern in establishing and maintaining
a low separation loss and a high field resolution, Separation has the same effect on
resolution as increasing the head gap size, All of these problems are severely reduced
when plated metal tapes are considered, This approach requires new head-tape inter-

face geometry and control,

The following (Table 6 and Figures 10 thru 12) show that we are reaching the limit of
particle sizes used in the available magnetic tapes, The direction to go for reduced
limitation is smaller particles for shorter wavelength (A ), higher coercivity and

thinner coatings to reduce the self demagnetization loss (improve resolution), metal

film and denser loadings for increased read magnetization and lower noise medium,

TAPE DEMAGNETIZATION, Of all the head and/or tape resolution parameters the

area of greatest limitation is the demagnetization properties of the tape., Two types of
demagnetization exist, self demag, and record demag, ['igure 13 is a simplified model
of the two flux reversals (bit cells) at a BPi of 50K, A /2 = 204'", Note that there are
actually three loss effects occurring during and after a bit cell is recorded, all of which

finally results in a reduction of total flux ¢ available during playback.

1. Record Demagnetization lLines,
2, Self Demagnetization Lines (increases after particles leave head),

3. Flux lines lost in the unused oxide,

\
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TABLE 6. MAGNETIC PARTICLE AND TAPE PROPERTIES OF
AVAILABLE TAPE

a Ferric Oxide Cobalt Doped
Fe_0 Fe_,0 Croz
23 a 23

Acicular Cubic Extra-Acicular
Size 1 = 5-25y in (16typ) 1=20puin typ

o520 S
He/Br = 300/1000 500/1600 500/1600
Br/Bs =, 75 oriented/0, 5 0.83/0.6 0.9/0.5

. 50 unoriented 0,77 0.80

Effects of Smaller Particles

e Lower noise (more particles and more uniform size/unit volume).
e Higher self demagnetization.
e Smaller A recording capability.

Metal Film Tape Characteristics

e Much thinner than particles.
e More than 2 times coercivity (1200 O,)-

e Higher magnetic continuity - avoids flux closures
around particles and surface clusters,

e Smoother surface - closer contact plus possible
magneto-optic playback, Latter especially
significant since playback process is limiting in
metal tapes,
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