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and successfully tested. A study and computer simulation of the modulator/
demodulator is presented.
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QUARTERLY TECHNICAL REPORT
1 October 1976 to 31 December 1976

1, SUMMARY

Several air sandwich discs were fabricated and recordings made
with them. The air sandwich configuration continues to appear

as a practical mechanism for protecting the recording. Tellurium
was chosen as the best material of those considered. Studies
show that tellurium films are twice as sensitive as bismuth films
and are quite resistant to high-temperature degradations. Bismuth

remains as an acceptable alternate material. Micron-size pits

were recorded in a tellurium film at 2 Mbits/sec with a 25mW He-Ne

laser. Extensive tests and evaluations of focus motors and the
air bearing sled were completed with the result that an accept-
able focus motor and sled can now be integrated into the recorder.
Two types of air bearing turntables are now available. The most
recent turntable was assembled from standard U.S. manufactured
parts. A Miller modulator/demodulator of digital information

was designed, built and successfully tested. A study and com-
puter simulation of the modulator/demodulator is presented in

Appendix C.

24 RESEARCH PROGRAM OBJECTIVES

The objective of this program is to develop an optical disc re-
corder of digital information, with a girect-gead—gfter-yrite
(DRAW) capability. A storage capacity of >10'° bits is desired,
with 4.4 x 10° bits on each of the 40,000 tracks of the disc.
The desired error rate is 107° at a data rate greater than 1.33
Mbit/sec. The key element in the proposed system is a record-
ing material that can be exposed with a low-power laser (e.g.,
HeNe), leading to a recorder that could be manufactured for
<$10,000 and discs that would cost <$10 in guantity.

i i et
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3. SCHEDULE

The program schedule and milestones given in Figure 1 are for
both materials development and recorder construction. Mile-
stones 3 and 4 were completed by the selection of tellurium as
the best material of those considered (Bi, AsSe3, Sb, Cd, Te and
Se). The clean room at PL will be operational by mid-February.
We expect to produce at least 25 clean air-sandwich discs of
tellurium for testing and characterization next quarter. Task
1.3, the evaluation of defects of the clean air sandwich discs,
will begin at the end of February with results expected by mid-
April. The characterization will be done in cooperation with
the Philips Research Laboratories in the Netherlands.

Several experimental air sandwich discs have been fabricated
and written in, and refinements of the air sandwich have con-
tinued in the areas of fabrication and testing. We are now

beginning Task 1.5, the finalization of a working disc design.

Task 1.6 is proceeding well, with the first comparative results
of tellurium and bismuth completed (Milestone 14). The program
has shown tellurium films to be twice as sensitive as bismuth
films and to be quite resistant to high-temperature degradation.
The testing program will continue with the additional parameter

of humidity stress.

Tasks 2.3 and 2.5 have been somewhat delayed due to the extensive
testing and evaluation of the focus motors (Par. 4.0) and the air
bearing sled (Par. 4.2). These tests are now complete and assem-
bly of the recorder will proceed with the back-up sled. The opti-
cal system should be assembled (Milestone 8) by February 28, 1977,
leading to the final system assembly by March 15, 1977 (Milestone
10a). The system checkout is now planned to be completed by the

end of April (Milestone 10b). As stated in the last report,these

delays are due to re-fitting the recorder around the back-up sled.

Development of the digital electronics subsystem (Task 2.2) is

proceeding based on the characterization of bismuth films. The




PHILIPS LABORATORIES

error encoding, detection and correction systems are conservatively
designed to accommodate possible large differences (if any) between
tellurium and bismuth films. Two error detection and correction

systems should be operational next qguarter (Milestone 7b).

Some parametric studies are planned next quarter on the PRL and

PL recorders (Task 2.6).
®
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4. SYSTEM CONSIDERATIONS !

Discussions with Lawrence Livermore Laboratories personnel and

other potential users of an optical disc recorder have uncovered

various system requirements which are relevant to the present
project. The archival properties of the record are of great im-
portance to some users. These users have even concluded that
any erasable materials may be undesirable for their applications. |
Furthermore, it was stated that a disc recorder with a dual func-

tion record/playback sled is undesirable due to the danger of

accidental overwriting of information during a read operation.

Separate record and playback sleds and playback-only units are

considered necessary to insure the record being preserved. Addi-

tionally, a single sled recorder is not attractive to the users

who wish to access information on a previously recorded track.

Of course it is possible for the user to wait until recording

is completed. However, in view of the 1010 bit capacity, the

delays may be intolerable. Therefore, from a user's convenience

viewpoint, it can be argued that a system consisting of a record-

er with separate record and playback sleds, and separate play- ;

back-only units, is desirable.

There are other technical reasons for a two-sled system. Pri-
marily, sled specialization will allow each function to be better
optimized. For example, the requirements of rapid access may com-
promise the design of a sled with uniform ultra-slow motion. In
another example, discussed in Par. 4.9, a separate recording sled

may allow a very simple optical system to be used.

The available recording laser power limits the maximum disc :
speed and data rate. A 25 mW laser will allow disc speeds of

3 rps and 1.33 Mbit/sec. It would be unfortunate to have the
recording laser power limit the performance of the playback mode.
For example, a playback~only sled with its own turntable could
be made to operate at a higher disc rotation speed. This would
increase the data rate (e.g., 10 Mbits/sec) and reduce the disc

latency time (17 ms vs. 166 ms).
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For these reasons, further consideration will be given to the

design of separate sleds for record and playback.

4.1 Sleds

The vibration previously encountered in the linear velocity
sensor of the sled was traced to crosstalk between the linear
motor and velocity sensor, and was reduced by mounting the wind-
ing section of the velocity sensor on the moving ccllar, while
holding the magnet in a fixed position. As the location of the
winding is shifted along the sled axis, a position for minimum

crosstalk between motor and velocity sensor is achieved.

The frequency response of the motor and motor-velocity sensor
combination was measured. As expected, the motor behaved az a
double integrator and, since the velocity sensor response 1is
proportional to velocity, the combination behaved as a single

integrator.

The response at frequencies above 100 Hz showed resonances in
the mechanical structure up to 1 kHz and an electrical resonance
of the sensor at 20 kHz. The servo response was rolled off at
110 Hz and 400 Hz to control these resonances. Closed loop be-
havior with this compensation was stable but the system was not
particularly effective in correcting low-frequency velocity

errors due to friction and cable drag.

To improve the low-frequency response, a lag (integrator) at
zero frequency was added to provide essentially infinite dc
gain (see Fig. 2). The large low-frequency gain is needed be-
cause of the low sensitivity of the motor and tachometer. The
tachometer delivers 10 uV per um/sec. At a nominal sled veloc-
ity of 6 um/sec, a 10% variation in speed results in a 6 uV
tachometer error signal. Experimentally, the drag produced by
the flexible air hose of the bearing was found to be 0.14 N.
Since the linear motor sensitivity is approximately 0.33 N/V
(see Fig. 3), a 0.41 V correction signal is required for this

error. Therefore, the loop gain must be of the order of 100 dB.
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Figure 3: Sled Linear Motor

The cliosed loop step response of the sled servo is shown in Fig-
ure 4. The step was electrically induced and is equivalent to a
velocity step of 30 um/sec at the sled. The rise time of 2 ms
corresponds to a 3 dB bandwidth of 170 Hz. This bandwidth appears
to approach the maximum realizable from the present mechanical
structure since the first significant resonance occurs at 200 Hz.
This bandwidth is adequate for the system in the present labora-
tory environment because the table provides vibrational isolation
for frequencies above 1 Hz, and internally the system experiences
fundamental vibrations of 3 Hz. The bandwidth requirements of
the final unit are not known at this time. A study is planned

to determine the full bandwidth requirements of a practical re-
corder. As the opto-mechanical assembly on the sled progresses,
measurements will be made to more accurately define the spec-

trum of the induced velocity errors.

The sled operates at constant velocities as low as 1 um/sec.
Figure 5 shows the linearity of the velocity at approximately
2.9 um/sec on a storage oscilloscope. Each trace corresponds

to 2.9 um of travel.
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10 mv/div.

100 mv/div.

10 ms/div.

Figure 4: Velocity step response of sled servo.

11 uym/div.

Figure 5: Oscilloscope trace of sled
velocity over a limited range.

10
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Conventional "wisdom" has until now taught us that sleds employ-
ing air bearings driven by induction motors are the best and
possibly unique solution for uniform ultra-slow motion. Addi-
tionally, the philosophy at the onset of the project was to
require the sled to be capable of rapid access. If both condi-
tions are required, then it appears that there are no alterna-
tives to air bearing sleds. However, in view of the shifted
approach to employ two sleds, each optimized for a particular
function, it seems prudent to examine alternate approaches to

ultra-slow motion sleds.

One alternate approach to a slow speed sled is based on a lead
screw drive; therefore, construction of a lead screw sled was
begun. The sled itself is an aluminum carriage that slides on
teflon buttons in a V-groove ground in steel. It is driven by
a precision lead screw with a pitch of 2.54 mm, made by Univer-
sal Grinding Corporation of Fairfield, Connecticut. The screw
is driven with a 360:1 gear rate by an adjustable-speed dc
motor-generator. The performance of the lead screw sled will

be compared to the air-bearing sled and reported next quarter.

4.2 Focus Motor

Three focus motors were evaluated as planned. The response of
the PL, PRL and integrator player focus motors is shown in
Figure 6. Resonances and limited range eliminated the PL and
integrator player motors from consideration. The PRL motor |
was chosen because it has a working range of ¥ 1.0 mm, a smooth

frequency response, and an acceptable sensitivitv. The required

working range is Y 1.0 mm; the required frequency response is

2 kHz. A more complete description of the focus motors' be-

havior is given in Appendix A.

il
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4.3 Air Bearing Turntables

Testing of the ac-drive turntable revealed that the air bear-
ing was subject to galling at 30 Hz under low or no-load con-
ditions. Modifications were made to the spindle and sleeve.
The indication thus far is that the problem has been corrected
without measurably affecting the air consumption, stiffness

or wobble. The radial wobble of the spindle is less than the
required 0.1 um at 30 Hz. Wobble measurements have yet to be

made at 3 Hz.

The dc-drive turntable components were built, and the turn-
table was assembled (see Fig. 7). It consists of a Kollmorgen
Corporation pancake armature motor (Type U9M4) with the ball

bearings removed and replaced by a Professional Instruments'

Disk Adapter

Air Bearing

Bearing/Motor
Adapter

Optical Tachometer
Shaft

Figure 7: dc-driv turntable

13
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rotary air bearing (Model 4B). The air bearing has been direct-
ly coupled to one end of the motor shaft. A 2000-line optical

encoder dial and single pick-off were mounted on the other end

of the motor. Evaluation of the electro-mechanical character-
istics of the turntable has begun. At 3 rps, the radial wobble
of the spindle at the disc adaptor is less than the resolution
of our equipment (<.05 um). Results are not yet available for

30 rps operation.

4.4 Materials Evaluation

A Model 907 He-Ne laser was received from Spectra Physics.
Output was found to be 25 mW in the TEM_ mode. Micron-size
pits were machined on 300—; thick Te films deposited on PIBMA
(polyisobutyl methacrylate) coated glass masters. Modulation
was provided by a Harris Model 180 acoustoptic modulator.
Pulse duration was approximately 500 nsec; disc rotation speed
was 6 rps. Figure 8 shows a picture of the pits taken through

an optical microscope.

Test recordings have also been made on a PMMA air sandwich
coated with Te films (on one side). Figure 9 shows optical
microscope pictures of recorded pits. Although no direct
reading after writing was attempted in this experiment, it is
believed that the pit profiles shown here would be more than
adequate for playback in the digital format. No significant
deposit of tellurium was observed on the opposite side of the
air sandwich, except when recording was done at extremely high
power with a duty cycle of 100%. We therefore conclude that
interference between the two faces of an air sandwich would

not be likely.

To summarize our results to date, static measurements have
shown that Te films are a factor-of-two more sensitive than
bismuth. Theoretical calculations show that under optimum
conditions (Ref. 1), these films should have adequate dynamic

sensitivity for recording at 2-5 Mbits/sec with a 25 mW He-Ne :

14
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Figure 9: Pits recorded 1in

air

sandwich

(magnification

a tellurium-coated

2000X) .
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laser. Micron-size pits have been recorded at 2 Mbits/sec with
a 25 mW He-Ne laser. An archival testing program has shown
these films to be quite resistant to degradation. The feasi-
bility of methods to protect and contain the recording appears
to have been demonstrated with the air sandwich disc structure.
It seems highly likely that tellurium would be an acceptable
recording material for use with a 25 mW He-Ne laser at 2 Mbits.
Further materials effort will concentrate on the continued
development and improvement of tellurium. These efforts should
result in optimization of the writing properties of the tellur-
ium films, such as repeatability of hole shape and defect
densities.

4.5 Air Sandwich Disc

Activities on the air sandwich disc have continued. The princi-
pal efforts have been refinement of the assembly technique,
measurement of the static and dynamic profiles of the disc film
plane, optimization of the disc dimensions, and investigation

of alternative substrate and disc fabrication methods. Several
discs were fabricated for evaluation and one was written in

(see Par. 4.4).

The problem of non-uniform spreading (Ref. 2) of the adhesive
during lamination was solved by making three modifications to
the assembly technique. First, the surfaces of the base and
vacuum hold-down plates in the assembly fixture were made more
compliant (softer). As a result, we feel the contact pressure--
applied to the adhesive during the curing cycle--was made more
uniform. Second, the ratio of the volume of adhesive dispensed
in the two standoff zones was changed. This modification, which
resulted in a more nearly equal adhesive thickness in the inner
and outer standoff zones, also tended to make the contact pres-
sure more uniform throughout the adhesive. Finally, the con-
tact pressure applied during the curing stage was increased from
about 1 psi to about 5 psi. Several additional modifications to

16
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our technique and to the assembly fixture are currently being
incorporated in order to further improve the bond guality and
disc flatness.

Measurements on many more discs are required before we can

fully characterize the average static and dynamic film plane
profiles. In particular it is important to measure the axial
deflection of the disc due to gravity, called droop, where the
disc is resting on the turntable spindle. The droop of the

outer edge of the disc establishes the necessary travel of the
focus motor. Measurements currently show a droop of about

0.75 mm. It is also essential to have statistically meaning-

ful measurements of the axial deflection of the film plane of

the disc while it is spinning at the operating speed of 3-4 rps.
This information establishes the bandwidth required of the focus-
ing motor and its control loop. Although the existing measure-
ments are insufficient to establish a bandwidth specification,

at 3-4 rps the focusing servo of the machine should have no
difficulty in following the film plane. In addition to accru-
ing short-~-term data, detailed measurements of the creep behavior*

of the air sandwich discs has now begun.

Optimization of the disc dimensions is well underway. There are
four specific areas of consideration: cavity thickness, spindle
hole diameter, turntable support surface, and static balancing.
In view of the fact that the disc may also be spun at 30 rps,

it is worthwhile to consider a disc design capable of both 3 rps
and 30 rps operation. At the present time it does not appear
that the dimensions and fabrication of a dual speed disc would
be significantly different from a disc intended strictly for

3 rps operation. The primary differences are in the cavity
thickness and balance requirements. The cavity thickness, re-
aquired to prevent the film planes from touchinc while spinning,

depends on such things as the inside diameter of the cavity,

*
The axial and radial deformation of the disc when it rests on a turntable,

or spins at high speed, for periods of time equivalent to many record and
playback sessions.

L
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and the turntable support dimensions as well as the speed of
operation. The inside diameter of the cavity and the turntable
support dimensions are in turn set by other subsystem considera-
tions such as the dimensions of the sled and focus motor. Cur-
rent estimates are that the inner cavity diameter and the outer
diameter of the disc adapter on the turntable can be set as
large as 6.5 cm and 3.8 cm, respectively. Under these condi-
tions the disc is so stiff that the theoretical cavity thick-
ness required even for 30 rps operation is less than the typical
unflatness (0.1 - 0.2 mm) of the film plane. The net result is
that the cavity thickness can be selected by the practical desire
to prevent contact of the films during "normal" handling of the
disc. At present, the cavity thickness required for such a pur-
pose is 0.25-0.5 mm. The static balance requirement is much
more severe for high-speed operation than for low-speed. How-
ever, we have discovered that by locating the center of gravity
after the disc is fabricated, then finally drilling the spindle
hole, the disc is balanced to within 2-5 gm-cm. This amount of

imbalance is not expected to be of any consequence at 30 rps.

Excessive variations in substrate thickness have been of some
concern (Ref. 3). Such irregularities make it difficult to com-
pensate the light path. In addition, they cause variations in
local stiffness, giving rise to irregularities in the axial de-
flection of the film plane around the circumference. The prob-
lem of thickness variations, in excess of the normal manufac-
turer's specification (X 12.5%), was discussed with officials

nf the Glasflex Corporation. An agreement was reached which
should result in a considerable improvement in quality control

(see Appendix B).

A second source of optical-quality 1 mm thick PMMA was found.
Rohm and Haas Corporation casts such sheet but generally only
in large volumes. In cooperation with PRL, we have been able
to secure a regular allotment of the material. The samples

received to date are more uniform in thickness than the Glas-

flex Electroglas Sheet (! 4% as opposed to * 13%).
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An additional potential source of PMMA sheet has also been iden-
tified. Apparently Swedlow Corporation manufactures optical

quality sheet for aircraft window applications. We are currently

investigating the possibility of procuring material from them.

An investigation of alternate--and more mass-production oriented--

ways of fabricating substrates and discs was initiated during
the guarter. Four specific inquiries are under way. They are:
the feasibility of die cutting the substrate and standoff from
sheet stock, the feasibility of ultrasonicallyv joining the air
sandwich components, the cost considerations of injection mold-
ing the substrates, and the feasibility and cost considerations

of joint configurations which would allow periodic disassembly

of the air sandwich. Results of these inquiries should be avail-

able the next quarter.

4.6 Life Testing of Tellurium and Bismuth Films

Testing of the aging characteristics of films, as reported pre-
viously, continues. Maximum aging time as of the end of 1976
is in excess of 4,000 hours (Ref. 4). About fifteen new sample
sets were created during the current quarter, bringing the
total number of sets to over 40 and the total number of samples

under life test to approximately 250.

Static hole~burning sensitivities are in substantial agreement
with the result reported in the previous quarter. That of tel-
lurium is about 300 mJ/cm2 while Bi requires 600 to 700 mJ/cm2
for 1 um holes. The exposure times were 500 ns for bismuth and
750 ns for tellurium. The power was 3 mW for tellurium and

10 mW for bismuth. Optical transmission appears to be increas-
ing somewhat, but not as yet enough to influence optical absorp-
tion significantly. Temperature-humidity testing of tellurium

films is planned for the next quarter.
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4.7 Characterization of Disc Errors

An interchangeable modular svstem for the characterization of
error mechanisms in optical disc systems is being designed and
implemented in both hardware and software. Its minimal config-
uration will consist of a Linkabit LF1011-256 Convolutional En-
coder Feedback Decoder and a Miller modulator-demodulator
designed and constructed at Philips Laboratories, suitably
interfaced into a large minicomputer (SEL 32/55) that will be
used to gather real-time error statistics. The maximal con-
figuration will involve fully interchangeable hardware and
software modules capable of simulating recorder-plaver design
configurations in addition to gathering and graphically pre-

senting error statistics.

A block diagram of the modular error characterization system is
shown in Figure 10. Each block is implementable either in hard-
ware or software and, when constructed in a modular fashion,
allows the designer to change system blocks (and/or parameters)
in a simple manner. The coder introduces redundancy in a struc-
tured manner so as to facilitate detection and correction of
random channel errors. Hardware modules for BCH and convolu-
tional codes will be available in addition to the Linkabit sys-
tem. Software modules for a wide selection of codes are being
written. The interleaver reorganizes the coded data so as to
facilitate detection and correction of error bursts. A "column"
interleaver is being hardware-implemented by GAC (Ref. 5); more
complicated interleavers will be implemented by software. The
modulator matches the data spectrum to the spectral require-
ments of the recording/reading process. Candidate modulations
(Ref. 6) to be available in software include NRZ (non-return

to zero), Manchester, GCR (group coded recording), Miller, and

modified Miller.

The recording/reading process may be either simulated by a

measured channel transfer characteristic to which is added a

il
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signal error representing disc eccentricity, rotational speed
fluctuations, disc surface and material defects, and laser noise,
or directly implemented by the write laser, disc, read laser
branch. Increased understanding and identification of error-
causing mechanisms will be attained by direct comparison of

the alternate approaches.

In a similar manner, channel filters (including high pass, low
pass, hard limiters, and dc restorers), detectors, and clock
recovery circuits will be modular and implemented in both hard-

ware and software.

The error statistics generator will functionally operate on the
decoder output data to determine the error distribution. These
may be ascertained from the disc itself or by real-time compari-

son of the input and output data riles.

4.8 Digital Channel Modulator/Demodulator and dc Restorer

A Miller modulator and demodulator were designed and debugged
with the exception of the PLL (phase locked loop) for which

more evaluation and optimization is in progress. The Miller

code was chosen to match the user's input data power spectrum

to the channel response of the optical disc (Ref. 6). The Miller
Modem (modulator and demodulator combination) has been tested
working E to E (electronics to electronics) at data ratesup to
2.5 Mbps. During read-back a string of 200 synchronizing bits

is required for the PLL to lock on. This number of bits is
determined by the loop bandwidth (~5kHz). After the synchro-

nizing bits, at least one 101 data sequence should be present

to start up the Miller demodulator. A block and timing diagram
of the Miller demodulator is shown in Figure 11; the waveform

! of the Miller Modem is shown in Figure 12.

! A dc restoration circuit, using positive feedback, has been
] designed and tested E to E. The circuit enables playback data

i
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NRZ DATA

MILLER MODULATED
DATA

NRZ DATA AFTER
DEMODULATOR

® | miLLer | @ MILLER | @

NRZ >—— “mob. DEMOD. NRZ

MILLER

Figure L12: Miller Modem diagram and waveforms.

to be recovered more reliably. A block waveform diagram of

this circuit is shown in Figure 13.

Magnavox has done a study with computer simulation on the chan-
nel Miller modulator and demodulator and data recovery. The
simulation results indicate that the demodulator and PLL con-
sidered will provide excellent performance for the distortion

conditions simulated (see Appendix C).
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4.9 A Simplified Recording/Readback Technique

The present DRAW recording technique under investigation requires
two lasers and/or a complex optical system to record and play-
back information simultaneously. An alternate record/readback
technique which eliminates the need for a second laser and great-
ly simplifies the optical system is under studv. The new system
called "verify during write"” monitors the reflected light of the

recording laser.

Since some finite amount of exposure time is necessary before a
hole is formed by the recording beam, it should be possible to
verify the formation of a hole, i.e., the registration of a data
bit by monitoring the character of the light reflected from the
disc during writing. Assume, for example, that the disc is illu-
minated by a pulse t seconds long and that it takes T seconds to
form the hole. Then, if the hole is indeed formed, the reflected
light will have a large value for T seconds, but will fall to a
low value (due to the reflectivity of the bare substrate) during
the remaining t-T seconds before going back to zero. If a hole
is not formed, the amount of reflected light will remain large,
whereas if a hole was already there, only a small amount of

light will be reflected during the entire t seconds.

An experiment was performed, and this theory was found to be
valid. It was found that a small decrease in the reflected
light was detected for light levels where only an incomplete
hole or "dimple" was formed. Then to discriminate between

"dimple" and hole formation, it appears necessary to monitor

the level to which the reflected signal decreases.

These preliminary experiments indicate that a verify-during
write, rather than a read-after-write mode, is a possibility.
However, further experiments are necessary to ascertain the
feasibility of the method, including the necessary electronics.

In addition, the verify signal is generated by the write beam,

i.e., by a beam that is inherently in focus and on track. Thus,
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it remains to be proven that a data stream verified as "recorded"

by this method can indeed be read back later by a separate reader

with equal fidelity.

5.

PLANS

Test lead-screw drive for sled.

Assemble optical system.

Assemble recorder on back-up sled.

Begin humidity testing of tellurium.

Fabricate and test first clean air sandwich discs.

Finish evaluating Kollmorgen/Professional Instru-
ments turntable.

Construct software and hardware modules for char-
acterization and correction of error mechanism.

Design separate playback sled/system.

Test and verify record/readback scheme.

REFERENCES

See Appendix C, July-Sept. 1976 Quarterly Technical
Report.

Par. 4.5, July-Sept. 1976 Quarterly Technical Report.

Par. 4.6, July-Sept. 1976 Quarterly Technical Report.

Par. 4.7 and Appendix D of July-Sept. 1976 Quarterly
Technical Report.

General Atronics Corp., Subsidiary of Magnavox Govern-
ment and Industrial Electronics Co.

"Optimal Codes for Digital Magnetic Recording," J.C.
Mallison and J.W. Miller, IERE Conf. Proc. No. 35,
June 1976.
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APPENDIX A

Evaluation of Three Focusing Motors
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EVALUATION OF THREE FOCUSING MOTORS

The evaluations of the PL and PRL focus motors were completed
and compared to the focus motor of the integrated player. The
suspected resonance at about 2 klz for the PL focus motor was
confirmed, and it was found to have little response above about

4 kHz. This resonance and low sensitivity may be due to the

spring suspension or other mechanical features. A resonance was

also found in the PL motor at about 35 Hz.

The PRL motor was found to roll off continuously in amplitude
with frequency to at least 12 kHz with no resonances. The PRL
bearing and lens assembly is heavier and has a weaker magnet
and, therefore, is less sensitive than the integrated player
motor. Both dc and ac measurements have shown that the PRL is

3 to 4 times less sensitive.

Mechanically, the PL motor 1s not satisfactory since its limited

travel (about 400 um) is not sufficient to allow for the droop
of a plastic disc, especially at 3 rps. The static droov of a

plastic disc is about 0.75 mm. Therefore, a travel range of

¥ 1.0 mm is required of the focus motor. The air bearing in the

integrated player motor was judged to be too loose for record-
ing application. It was therefore decided that the PRL focus
motor be used without modification since it exhibited no reso-

nances, has a stiff air bearing, and is acceptably sensitive.

Figure 1 shows a comparison of the response of the three focus
motors. The data has been normalized to a 6 volt peak-to-peak
input for each motor, although the tests were not all conducted
at this voltage. The amplitude of motion was found to increase
proportionately with input voltage. The vertical position of
the PL motor plot is based on an estimate obtained from a dc
sensitivity measurement that showed the PL motor to be about
100 times less sensitive than the integrated player motor. All
tests were performed with the motors operating vertically,
against gravity. Any amplitude above about 1 mm on the graph

is not realistic since none of the motors are capable of such

A3
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large travels. This data was scaled from results at drive levels
less than 6 volts.

The working range of the PRL motor is ¥ 5 mm, the PL motor,
+

¥ 0.2 mm, and the integrator player, 0.5 mm.
\
\
0%
i 6V p-p INPUT
\\ .
\ \
%
\
0% N A

INTEGRATOR PLAYER

MOTOR RESPONSE (umRMS)
o
I

|o"(-

o gt

-3
10 e

1 | L N
10 102 103 10 10°
FREQUENCY (Hz)
Figure 1: Frequency response of focus motors
of three systems: the integrator player, PRL

writer, and PL writer.
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APPENDIX B

Trip Report: Glasflex Corporation,
Stirling, New Jersey on 15 October 1976

by

A. Milch
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TRIP REPORT: GLASFLEX CORPORATION,
STIRLING, NEW JERSEY ON 15 OCTOBER 1976

On October 15, 1976 A. Milch and J., G. Wagner visited with the
management of Glasflex Corporation in Stirling, N.J. The primary
purpose of the trip was to review with Glasflex officials the
large thickness variations we have noted in their recent ship-

ments of unmasked Electroglas 500 CT sheet and to agree upon

some satisfactory manner of dealing with the problem.

Several samples of 0.040" Electroglas 500 CT sheet were returned
to Glasflex for examination. Their inspection indicated that
many sheets were within the tolerance band of I .005" but the
thickness was too large. They felt certain they understood what
production parameters needed to be changed in order to insure
that the specifications would be met in future production runs.
In addition, we agreed that in the future, every fifth sheet

would be masked with polyethylene and calibered.

Several other points were discussed in some detail.

- Glasflex Corp. has done some development work for a i
third party. 1In particular, they have developed the
technology to cast 15" x 15" x .040" acrylic monomer
sheets with a tolerance of % 0.001" on the thickness.
The normal 500 CT tolerance is ¥ 0.005". The cost to
the third party at the time (approximately 2 years ago)
was about $3.00 per sheet.

. In general, Electroglas Sheet does not exhibit a wedge-
shaped thickness profile. Sheets that do have a wedge
shape are coincidental. It is much more common for a
sheet to be thicker in the center than around the edges.

One of the best ways of bonding Electroglas homopolymer
sheet is to use the unstabilized acrylic monomer. We
were given a one-quart sample for trial use in the assem-
bly of air sandwiches.

Rohm and Haas manufactures a two-part adhesive (tradc
number 96) which works very well with Electroglas sheet.

Schwartz Chemical Co., Inc., 5001 Second Street, New
York also manufactures a good acrylic cement (trade num-
ber H-94).
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Glasflex's experience in bonding their copolymer is that
the cyano-acrylates are about the only useful adhesives.

- Fusion appears to be an attractive way of joining air
sandwich components. However, development of the proper
hardware and techniques may require considerably more
effort than using adhesives.

. Techniques exist for removing scratches. They are:

a) Buffing with special compounds (Xpel buffing com-
pound or Dupont #7 Auto Polish).

b) Flame polishing. This is very much an art, but if
we can master it, it sounds ideal for our purpose.
Thermoforming temperature range is 210°F ot 230°F.

- Their best cleaning agents are the supermarket type liquid
laundry detergents such as All. This is more or less in
line with our feelings.

The homopolymer is a linear molecule; the copolymer is
crosslinked with a proprietary copolymerization agent.
Both are thermoplastic, but the copolymer does not accept
adhesives and they nevei bond to it. We ought to stay
away from it, especially since our original interest in
it--its resistance to organic solvents during cleaning--
has faded.

B4
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APPENDIX C

Modulator/Demodulatgr Design Study
for the P.N.A." Draw Disc

(Report No. 2838-3118-2 Jan. 1977)

by

Robert C. Harper

General Atronics Corporation

a Subsidiary of
The Magnavox Government and Industrial Electronics Co.
Philadelphia, PA 19118

*
Designation P.N.A. in this
report should be read as "optical."
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1.0 INTRODUCTION

This report describes the analysis carried out to determine
the performance of the "Miller" technique for modulating binary infor-
mation into the P.N.A. Draw Disc. More specifically, the report is
concerned with the analysis (via Monte Carlo computer simulation) of
a demodulator for extracting the original binary information from the
waveform read from the disc.

In case the reader is not familiar with the Miller modulation
technique, it is a cute way of remapping a binary (two-level) NRZ data
waveform into another binary waveform in which level changes are guaranteed
to occur at some minimum rate (regardless of the data). In particular,
if the duration of one NRZ data bit is T (we refer to the duration, T,
as a '"baud"), then in the resulting Miller waveform, we are guaranteed
that no two level transitions are separated in time by more than 27.
Furthermore, we note that the Miller waveform requires very little more
bandwidth than the original NRZ waveform.

The "rules'" for creating a Miller waveform from NRZ are as
follows:

a) A logic 1 corresponds to a level transition in the middle of a
b) A logic O corresponds to a level transition at the enZ of a baud
unless the logic zero is the last of a string of comsecutive zeroes.
In this case it is simply ignored (i.e., no transition at the end
of a final zero). Note that a single isolated zero can be consi-
dered as a string of length 1 and is therefore ignored.
One should note from the above set of rules that the Miller waveform
contains one bit of information per baud and is, therefore, as "etficient"

as the NRZ waveform.

Because the laser used to read the disc has considerable low

frequency noise, the resulting waveform must be highpass filtered betfor
being demodulated. The laser proposed for the P.N.A. Draw Disc requires
that the corner for this highpass filter be located ac 20 kHz. TIn the
analysis to be described, a two-pole Butterworth highpass filter with

a 20 kHz cutoff was used for this purpose. Because ot this highpass
filter, the filtered waveform has no DC component. Consequently,

demodulation is very difficult unless one can guarantee some minimum vate




of occurrence of level transition of the unfiltered waveform. We selected
the Miller modulation technique for this reason, as well as for the fact
that it allows us to maintain an efficiency of one bit per baud. The
price paid for these nice features is a small increase in demodulation
complexity (resulting from a timing ambiguity inherent in the Miller
technique) which will be discussed later.

In addition to the highpass filter just mentioned, we wish to
include in our analysis two additional sources of distortion of the wave-
form read from the disc. These are:

a) The lowpass filtering effect which results from the finite width of
the read beam as it passes over the finite length pit.

b) Variation in the data rate read from the disc which results from
disc eccentricity.

In Section 2 of this report, we describe the considerations that
were made for modelling the effects of (a) and (b) in the Monte Carlo
simulation.

Demodulation of the distorted waveform obtained from the disc
is accomplished by a circuit which consists of essentially two parts:

(1) a detector which reconstructs logic 1's and O's from the distorted
waveform, and (2) a phase locked loop (PLL) circuit which locks to zero
crossings of the distorted waveform and provides the necessary timing
signals to the detector. Considerations for modelling these two portions
of the demodulator are given in Section 3.

The simulation results are presented in Section 4, and, by
way of summary, we note that the proposed demodulator has been shown
to reconstruct error-free NRZ data from the distorted Miller modulated
waveform obtained from the disc. Finally, in Section 5, we describe
some special aspects of the modulation/demodulation hardware specificallw
as it related to the removal of the inherent timing ambiguity associated

with a data clock extracted from the Miller waveform.




2.0 MODELLING OF WAVEFORM DISTORTION

The first source of distortion indicated in the previous
section (i.e., highpass filtering with a two-pole Butterworth filter to
eliminate laser noise) needs no further description. Beam convolution and

disc eccentricity are discussed below.

2.1 CONVOLUTION OF READ BEAM AND PIT

The Miller modulated waveform, when written onto the disc,
causes a pit to occur whenever the waveform level is high. In Figure 2.1
we show a typical sequence of binary NRZ data, and the resulting sequence
of pits on the disk which result. The length of the shortest pit which
can appear on the disc corresponds to the duration of one baud. In our
analysis we assumed an inner disk radius of 7 centimeters, a disk rotational
speed of 3 Hz, and a baud duration of (4/3 x 106)_1 secends. One can
readily determine that the corresponding minimum length of a pit on an
inner track is 27 x 7 x 104 x 3(u/sec) x (4/3 x 106)—1 sec = 0.99 microns.
In our system simulation, we simplified tho scattering geometry Lo one
dimension; i.e., the waveform amplitude produced on playback is the
convolution resulting from a one-dimensional beam intensity profile passing
ovEr a one-dimensional scattering pit. We furthermore assumed that the
pit has uniform scattering properties along its entire length.

To arrive at a one-dimensional intensity profile for the
reading beam, we assumed a perfectly circular, uniformly illuminated
lens with a numerical aperture, N.A., of 0.63 and wavelength, A, of
6328A. Under the assumption that the spot size of the focussed beam
is limited only by diffraction, the resulting light amplitude at any
point in the diffraction pattern is given by (ref. 1, sect. 6.8),

gl(a) = ?nule(d)/u,

where J. is the first order Bessel function, a is the radius of the lens,

1
o = 2masin0/A, and 6 is the angle subtended at the lens by any point in
v ;
the diffraction pattern. In Figure 2.2 we have plotted g” (o) normalized
to unity. The radius, p, of the spot size (i.e., the distance from

the center of the spot to the first null; a = 3.9 ia Figure 2.2) is

given by (ref. 2, page 359)
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0.61)/N.A.

O
n

0.61 microns

In the system computer simulation, we used eight samples per
baud to represent the waveform read from the disc. Since a baud occupies
0.99 microns while the beam is 1.22 microns from null to rnull, it is clear
that sampics of the beam amplitude taken from Figure 2.2 should be spaced
by 0.79u. For expedience, however, we "eyeballed" points for the beam
ampiitude from Figure 2.2 at spacings of 1.0u. As a result, the beamwidth
used in the simulation is about 20% more narrow than a numerical aperture
of 0.63 would imply, and therefore the simulated performance will
give results which are slightly better than might actually be expected.

It is "reassuring' to compare the frequency response of our
simulated svstem with measured data provided by Bogels, et al (ref. 3).
The frequency response for a video disc rotating at 30 Hz with a numerical
aperture of 0.4, and an inner radius of 5.5 centimeters is given in
Figure 12 of that reference. One can argue (see Appendix A) that the
inverse Fourier transform of this frequencv response represents the
cemwalation of the rcoad beam and the pit. This inversc transform
appears plotted as the broken curve in Figure 2.3. The solid curve of '
Figure 2.3 is the convolution of the sampled beam amplitude used in the
simulation with a 1 micron pit. (A "pit" is simulated by a sample value
of 1, and a non-pit by a sample value of 0.) The similarity between the
two curves of Figure 2.3 indicates that the frequency response of our
simulated system is close to that indicated by Bogels. We also note that
the symmetrical shape of the convolution shown in Figure 2.3 implics

a linear phase response in the frequency domain.

- -
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2.2 DATA RATE VARIATION DUE TO DISC ECCENTRICITY AND ITS
EFFECT ON PLL DESICN.

In order to provide a data clock to the user as well as provide
timing for the demodulation circuitry, it will be necessary to phase lock
a voltage-controlled oscillator to the waveform read from the disc. The
phase locked loop (PLL) must be capable of remaining locked even when the
data rate read from the disk differs from its nominal value. The extent

of this rate difference is determined by the eccentricity of the disc.

A maximum value of *50 microns of eccentricity has been assumed in our
design analysis. If the radius is 7 centimeters, a 50 micron eccentricity
will result in a change in data rate of *50 parts in 7x104. Consequently,
if the data rate is nominally 4/3 MHz, we can expect a rate offset as
large as %952 Hz (say, 1 kHz for round numbers).

In order to design the PLL, we must determine how accurately
we wish to maintain lock. This, in turn, is a function of how much phase
error can be tolerated by the data detection circuitry (and still result
it error-frce ddtal). Tor this dnswer we anticipate the resulis o0f Ssciion 4
in which we determined that the data detector is capable of operating (error-
free) over a phase margin of about *¥60 degrees (one baud corresponds to 360 '
degrees). We will design our PLL so that, with a 1000 Hz offset, the
phase error is no more than T10 degrees (i.e., about 20% of the allowable
margin). From reference 4 (equation 4-4a, page 29), the relation between
the phase error, froqhoncy offset and loop gain of a second crder PLL

is given by

6 = Aw/K
where K is the loop gain, A is the frequency offset (radians/scc) and 0
is the phase error (radians). Consequently, to provide a phase error of
only 10 degrees with a 1 kHz frequency offset requires a loop gain, K,

of 36000,

In addition to the loop gain, K, we must specify the loop

F, to complete specify the second

bandwidth, W, s and damping factor,
order loop design. In our analysis we have used a value of § = 0.707

(to minimize both transicnt response and loop noise bandwidth) and a valu




T TR R N

of W, determined by the desire to acquire phase lock reasonably quickly.
We will define '"reasonably quickly" to be a phase error of no more than
10% after 200 bit times. In reference 4 (page 34) it is shown that the
residual phase error has decreased to 10% of its original value after
a period of time given by wt = 3.6 (§ = 0.707). Since 200 bit times
corresponds to 150 microseconds, we have

3.6 3

Loop Bandwidth = == 3.8 x 10
21-150°10

We note that correct data will appear at the output of the detector in
considerably less than 200 bit times. In particular, correct data will
be demodulated with a phase error as large as 60 degrees. Since the

initial phase error can be no worse than 1800, the phase error is less

than 337 (600) in about 40 bit times.
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3.0 MODELLING OF DEMODULATOR OPERATIONS

Because the Miller waveform is distorted by the filtering
operations described previously, the following two questions required
answers: ]

1) Is there a detector design which, when properly synchronized

to baud timi»g, can process the distorted waveform to provide error-
free demodulated data?
2) Will the phase locked loop work well enough on the distorted waveform
to provide reliable baud timing to the detector?
A Monte Carlo simulation of the system was written (in FORTRAN) to obtain
answers to these questions. A block diagram of the system is given in
Figure 3.1, and the program listing is given in Appendix B. The dotted
lines of Figure 3.1 indicate the various system parameters which were
made easily changeable in the program. The FORTRAN names of each of

these parameters appear on the figure.

Sl DETECTOR DESIGN

Several types of detector designs were tested to determine

their comparative performance under the assumption that baud
timing was available to the detector. The simplest type of detector
tested was one which simply compared the signs of the sample taken in
the middle of the first half, and middle of the second half of a baud.

If the signs were the same, a logic 0 decision is made, and a 1 decision

otherwise. From Figure 2.1 we observe that this detector will give error-
free performance if the waveform is undistorted.

Figure 3.2 shows the sampled data waveform from several
consecutive bauds of the distorted Miller waveform. The simple detector
just described would compare the sign of S3 and S7 to make a binary
decision.* The simulation is set up in such a fashion that an error
count can be made for all eight possible starting points of the detector.
If at least one of these starting points consistently gives error-free
performance, we may conclude that the detector will work satisfactorily

(if the PLL can provide it with a proper baud clock, of course).
*In the simulation the baud boundary is known perfectly, of course,
and contains cight consecutive samples of the distorted waveform
S1, 82,...,58 (see Figure 3.2
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A detector for which several consccutive starting points give error-free

detection is clearly better than one for which only a single error-free
starting point exists, since such a detector would be more tolerant of
timing error from the phase locked loop. The number of error-free starting
points provides us with a means for comparing detector designs. We note in
passing that if the waveform were distortion-free, the maximum of four
consecutive error-free starting points would be found.

For a 20 kHz highpass laser beam filter, this simple detector
was found to work quite well. For higher cutoff frequencies, however,
a slightly modified detector design was required. This detector formed

A

i

sign[sign(S1)+sign(S2)+sign(S3)]
and
B = sign[sign(S5)+sign(S6)+sign(S7)] .

and made a logic O decision if A and B had the same sign (1 otherwise).
Again, all eight possible starting points are considered in the program
(i.e., the value of A for the second starting point is given by
sign[sign(S2)+sign(S3)+sign(S4)], etc.) and, in addition, the number
of consecutive points within the brackets could be varied by the para-
meter LNCEH in the FORTRAN progyam, & valve of FNEPH = X oxve consisctent lv
best results for all cutoff frequencies.

An analog integrate-and-dump detector was also tried, i.e.,
A = sign[S1+S2+S3], B = sign[S5+S6+S7], and found to give consistently

poorer results than the hardlimiting detector just described.

3.2 PHASE LOCKED LOOP STIMULATTON

In the PLL simulation, we built a linear phase detector by
the simple expeident of using a VCO with a "sawtooth" output shown
oo » . -1 . ;
in Figure 3.3 below, where T = ((8/3) MHz) ~. The value of the VCO

A +m

o et b .
//" e i -7
e i |

FIGURE 3.3

A

VCO ouTruT




sawtooth is sampled at the time of a zero crossing in the distorted

waveform, and appears at the input to the loop filter until the next
zero crossing.* |
The ability to introduce a frequency offset to test perfor-

mance with disc eccentricity was included in the program. As far as

the PLL is concerned, there is no difference betwecn a frequency offset
on the data coming from the disc, or an offset in tbe VCO center
frequency. The latter was much easier to program. A wcrst-case test

was set up in which the operator could introduce a fixed frequency

offset (of arbitrary size) at any arbitrary time (determined by a switch

position on the computer).

*Since only a sampled data version of the distorted waveform is available,
the location of the zero crossing is determined by a linear extrapolation
between the two samples of differing signs.,




4.0 SIMULATION RESULTS

The simulation results indicate that the demodulator and PLL
described in the previous sections will provide excellent performance
for the distortion conditions simulated. This is evident from the
simulation printout shown in Figure 4.1. This printout begins with
a summary of all the system parameters shown in Figure 3.1, including
the sampled amplitude of the read beam. This is followed by twelve columns
which contain the following information:

Column #1: How far the run has progressed; i.e., the data baud number
(results are printed out only on every tenth data baud).

Column #2: The sample number of the first time in the baud when the
VCO flips from +m to -T.

Column #3: The sample number (extrapolated to two decimal points) of
the most recent zero crossing in the distorted waveform ;o7o»
to the VCO flip time recorded in Column 2. Note that
a number greater than 4 in this column corresponds to a zero
crossing in the previous baud. Note also that zero
crossings in the distorted waveform tend to occur at two
different points within a baud (about 7.75 and 3.75) as
expected for Miller modulation.

Column #4: The same information as given in Column 2 except that the
VCO flip time (i.e., sample number) is extrapolated to
two decimal places.

Columns #5-#12: Accumulated number of detector errors corresponding to
each of the eight possible starting points for the detector.

We obscrve the following performance characteristics from
Figure 4.1. First, we note that three consecutive detector positions
(out of a maximum of four) give error-free performance. Secondly, from

Column 4, we observe that the phasce jitter on the VCO, after the initial

locking transient has decayed (somewherce about 80 to 90 baud times), has
a peak-to-peak variation of only about 0.2 of a sample interval. Since
the margin for detector timing crror is so much larger than this (threc

e ———————




FIGURE 4.1

SIMULATION RESULTS FOR TYPICAL SYSTEM PARAMETERS
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FIGURE 4.1
(Concluded)
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consecutive sample intervals!), it is clear that detection timing referenced
to the VCO zero crossings will give error-free performance with a wide
margin to spare.

Next, we observe that a 1000 Hz frequency (doppler) step is
introduced at the 36l1-st baud. As already noted, this is a considerably
more severe frequency offset profile than will result from normal disc
eccentricity. The resulting shift in the VCO zero crossing position,
however, is observed to be insignificantly small compared to the detector
time error margin.

Figure 4.2 is the same as Figure 4.1 except that the starting
phase of the VCO was shifted from 135 to 225 degrees. The initial transient
time is observed to be somewhat longer (about 100 bauds, which is the
maximum observed). Since the VCO phase jitter is so small (compared to
the allowable margin), it is clear that a wider loop bandwidth (PLL BW)
can be used to shorten transient time.

It is interesting to observe the effect of the laser noise
highpass filter cutoff frequency on demodulator performance. Figures 4.3,
4.4 and 4.5 correspond to identical conditions as Figure 4.1 except that
the filter cutoff is respectively, 75, 150 and 225 kHz.* Decreasing
detector margin and increasing variation in the VCO phase reference is
observed with increasing cutoff frequency. The simulations indicate that
a 100 kHz highpass filter is about the upper limit at which adequate
demodulation can be achieved. Note that as the HPF cutoff frequencv
increases, not only does the detection margin decrease, but also the

"start" time changes (relative to the VCO phase). A retiming

detector

single-shot 1is provided in the hardware for this reason (see Section 5).
It is interesting to determine the sensitivity of system perfor-

mance to various profiles of the read beam. To get a feeling for this,

a sampled beam amplitude profile of (1,1,1,1,1,1,1,1) was tested, and the

results appear in Figure 4.6. We observe that clock extraction is still

y , =0
*The starting phase in Fipgures 4.3, 4.4 and 4.5 was selected to be 45

but this is an insignificant parameter change.




-

very accurate, however, detector phase margin is reduced to about 122-1/2
degrees. In general, we may conclude that system performance is

reasonably insensitive to modestchanges in the beam profile. |
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ILLUSTRATING DETECTOR PHASE MARGIN WITH 75 kHz HPF
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: 311 F 246 @ 0 b,
‘ 321 2 a5 3 2% 0 &
231 IR T 2 o £
! 341 & 7.80 & 77 1820 0 7
| S 2276 278 121 0 it -
361 ¥ 128 368 124 0. 2
271 2 7.09 3 &k 138 0. S
i 381 @ 751 2,73 141 0 ] 47
i @91 3 5.2t 275 14% 0 ? 4z
| 401 2 610 Z 351 143 0 10. o1
¢ 411 & b 42 2 &L 147, 0. 10 52
i FICURE 4.4
| TLLUSTRATING DETECTOR PHASE MARGIN WITH 150 kHz HPF




NUMBER OF TEST EBITS 1000 HWF CUT OFF, IN KHZ 2295. 0000 # SMPS. IN INT 3

PLL GAIN 26000. PLL BW S300. INITIAL VCOPHASE (DES) a5,
___VALUE OF KOFF 3 : \
— o
DISPLACMENT FROM VCO TO CET. o
DOPP_OFFSET IN HZ (SW#7) 1000. DOOFP RATE IN HZ/ SEC(SWH2) 0.
SAMPLED AMFLITUDE OF THE READ BEAM
0000 0. 000 Q000 T 0 000 TTTTDI000 07000 0 D00 OO0
0. 000 0. 000 a. 000 0. 000 0. 000 0. 000 0 000 0. 000
T 0. 000 0. 000 Q. 000 0. 000 0 020 0. 050 o 13 0 110~
0. 040 0. 410 Q. 7100 0. 940 0 960 0. 710 0. 410 0. 040
0. 110 0. 130 . 0S0 0. 020 0. 000 0. 000 0. 000 0. 000~
0. 000 Q. 000 Q. 000 0. 000 0. 000 0. 000 0 000 0. 000
0,600 T 07000 T 00007 T T 000070000 0 000 0000 07000
1 4 2.31 4 50 0. 0 0. 0. 0 0. 0. 0
11T a4 2.92 429 0. G R S S R s S
21 4 572 4. 13 2 1. 1. 3. 11 15, 15 16
31 3 280 3 99 4 2. < e 19~ 2a. 24 2%~ R
41 2 481 3 9 7. s S 12. 2% 23 33 24,
s e B i ey e Y03 A
&t 3 L9339 10 2 & 19. 39, s1. S1. 52
71 2 241 398 14, 9, 9. 22 45 L0 e e
81 3 2.8y 395 19, 12. 12, 26. s2. 70. 70 70
T 2 4 91 290 24 13 13 23, s 79. 79 T
101 @ 280 392 s 13 13, 0 L, a® a8 9
SR ) e e e s e i - ket | i U ey 24 74" 98— 98: 29
121 3 Z I3 FeF 82 15. 13 39. £1. 106, 106 107
121 3227 291 27. 20. 2041 B e IA
141 T 295 4. 00 4% 27, 22. 4k 24 125, 125 125
151 3 1S3 2 98 42, 22, 22 50.° 101, 133 e e
1414 3 322 293 A3 22 22. s4. 107 141 141 141
TTXZY T ST 292 3.9 TAS T 225 22— S& IS 1SG 150150
181 4 2 44 400 43 22 23 120 152 S
191 2 S.83 29 Sz 25, 25%. 127. — 187
201 3 1.70 399 S5 5, 25. 23 175
211 4 222 403 S7 2= Z%. 136, 183 —
221 2 124 = A1, 26, 26, S, 145 192
TVEEY T O 9TeYS A%y 6n o2& 268 79 1aT 290 '
241 4 S 71 4 05 L2 26, &2, 1S4 202 20z 209
251 4 422 404 70 26, a7 160, e 218 — 7117 ==
241 3146 93 74 27. 29 167. 226 226 224
271 2 224 3 9L 7& 2% 98— 17E- 234 2 pac?§ = ﬂ
2e1 3 2 < - 79 ; 29, =2 120 242
B\ S 5 =3 = == 04 1898 250
201 g = 3 2 S 107 195, 252
211 < 3 1 202 - 2
221 < < iis. 207, 2 7
33 3 2 2. 85 g g ] 122, 212 2
341 & 2 395 99 a7 o7, 126, zZi8 2
TUESY T T dTiTeY T A0 T2 Ay A 1Ry 2873
341 3 2 395 105 4z 42, 223 2 4
371 3 & & 2 @9 102 45 as 229 2
321 3 7 2 99 112 47. 47 244, 3
391 2 2 399 117, 42 4z, 2%51. 3 4
401 9 % 3.97 122 1. 51, 257, 3
411 3 2 289 128 52 i 264, 3
FIGURE 4.5
ILLUSTRATING DETECTOR PHASE MARGIN WITH 225 kHz HPF




NUMBER OF TEST BITS 1000 HF CUT OFF, IN KHZ  20. 0000 # SMFY. IN iNI 3
PLL GAIN 34000. PLL BW 5300. INITIAL VCOPHASE (DEG) 135.
VALUE OF KOFF 3
DISPLACMENT FROM VCO TO DET. 0
DOPP OFFSET IN HZI (SW#7) 1000. DOPP RATE IN HZ/ SEC(SW#8) 0.
SAMFLED AMPLITULE OF THE READ BEAM
____0.000_____0.000 _ _0.000 _0.000 ___ 0.000 0. 000 0. 000 0. 000
0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000
0,000 _ 0. 000 _ 0. 000 0.000 ____ 0.000 0. 000 0 000 0. 000
1. 000 1. 000 1. 000 1. 000 1. 000 1. 000 1. 000 1. 000
0. 000 0..000 0.000_____0_000 0,000 0._000 _0_000__ 0. 000
0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000
0000 _ 0.000 _  0.000 _0.000 _ __0.000 0. 000 0. 000 0. 000
1 3 0.00 3 %0 0. 0. 0. 0. 0. 0. 0
11 3.265 3% 7. 0 _ 0. 0. Z 7 7.
21 3 7.8 373 1S 3. 0. 0. 11. 14, 14.
P 3 7.88 393 21 23 0. _O. 37 20 20. 14
g 41 4 7.43 4 .07 27 7 0. 2 21. 28, 75
S1 4 7.85 4 .22 3S 10. _ 0 2. 26. 3¢, 26, .
&1 4 0.7 4. S0 41 12. 0. ol 1. 43, 43, )
s 4 7.82 4.72 A4z 14. 0. 4, 7. S1. st
81 4 345 4. €5 5S4 15 0. 4. 4z, 5% Se. i
91 4 7.80__4 91 &% 14, () 4 S0 kb bt
101 4 7.87 4. 85 72 14, 0. 4. S5, 75 7S
111 4 0.04 4 70 7% 17. 0. 4. &4, €1, €1
121 4 7.95 4 +t9 2S5 20. 0. 4, 68, 5. s
131 4 7.49 4¢3 92 ) 0. 4, 73. 95. 95,
141 4 232 453 99 25, 0. 4 72, 10 10%
B, ;I e 0 N o O (o e S o A s S - 7 1 S 6 6
161 4 = &7 450 115 33 0. 4, 6. 119, 119,
e v 4 z g8 4 72 124 3 0. 4, 95, 128 128
181 4 7.90 4. .82 1 ) 4. 101, 126 1324
191 4 7. .41 4 75 4 104 142, 147
201 4 2.S0 4. .74 4 113 1S5S0 150
SRR | RO S - 0 N (S 4 _ {19, 158 58
221 4 7.42 4. 7% 4 127, 1&6. 166
2 233 4 7 74 4 74 4 124, 174 174 i '
241 4 7. a4 79 4 140 152 2z
.25 4 0 C .82 4 147 190 190
261 4 =9 &S 4 152 199, 199
- 27t 4 3 27 4 1S9 204 204
za1 4 7. 9 4. 144 Fie iz
_ 291 5 7. LTS 4 i700 218 18
301 4 7. L eE 4 76, 225, 225
__311 4 2 &7 4 121 : z
21 4 2 44 4 136
g3y 8. 7. o 4_ 190
z41 4 7. 75 4 197
251 4 4 i 4. 200
364 4 0.07 4.74 4. 204
__371 4 0 920 4. .74 7. 20%
281 4 7.7 4. .72 e |
Z91__ 4 _7.40 4 71 o 9 214
401 4 7.77 4.7% . ; 9. 22
411 4 0 14 4 £0 7¢ 0. 9. 227

Yo L.
PICURE 4.6

SYSTEM PERFORMANCE WITH "RECTANCULAR" BEAM PROFILE

==




5.0 SOME TMPLEMENTATION CONSIDERATIONS

A block diagram of the demodulator is given in Figure 5.1.
The following points about the implementation are worth noting. First,
we note that typically the VCO should run at twice the bit rate (2 x 4/3
MHz) to accommodate the Miller modulation. We plan, however, to run at
6 x 4/3 MHz and divide by 3 as shown in Figure 5.1. This will allow us
to provide a synchronous data clock, 3xCK, to the decoder at three times
the data rate* (in addition to the normal clock, DATACK, at the data rate).
Secondly, we plan to use a crystal VCO in the initial design (Greenray
Model N-412, or equivalent). Such a VCO can be pulled by $0.1% (which is
only slightly more than we require to handle disc eccentricity), and at
the same time maintain its center frequency to within ¥0.005% from 0° to
50°C. We note that, regardless of the type of VCO selected, its center
frequency must remain within about *8 to 10 kHz of the nominal value.
Otherwise, the loop bandwidth becomes excessively large just to accommodate
the VCO error. The VCO output will contain a lot of jitter under these
conditions, and simulations showed the 8 to 10 kHz figure to about the
maximum allowable.

To resolve the clock phase ambiguity resulting from the Miller
encoding, the demodulator will continuously test the output data clock
to determine that it is the correct phase (of the two possible). If and
when this test indicates that the phase is incorrect, it will automaticallvw
select the opposite one. This test can be understood by observing from
Figure 2.1 that if the incorrect sampling phase is used, an isolated zero
will result in four samples of the same polarity. With the correct
sampling phase, four identical sample polarities in two consecutive baud
times can never occur. With the incorrect phase, it will occur on an
average of about one out of eight consecutive baud pairs. A 64-state
counter will initially be set to state 32 and, on each consecutive bit
pair examined, will count up by one, if all four polarities are not
the same, or down by 16 otherwise.** 1f and when the counter state

exceeds 48, the DATA ENABLE line goes high. Similarly, on any baud pair

*Lorend Vrics has indicated that this rate is required for his decoder.

*XAn attempt to count below state 1 (above state 64) cavses the counter
to go to state 1 (64).
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for which the state goes from above to below 16, the opposite demodulation

phase is selected. With this type of test, an incorrect phase will be
recognized and corrected quickly. We note that, regardless of the state
of the DATA ENABLE line, we will continue to provide DATA, DATACK, and
3XCK to the decoder.

Selection of the opposite demodulation phase (when the state
falls below 16) can be achieved by inhibiting a single firing of the
retiming single-shot shown in Figure 5.1. (This retiming single-shot
is provided to compensate for delays introduced by the highpass filter
used to eliminate laser noise, and was discussed at the end of the
previous section.)

Twice per baud (i.e., once in each half of the baud), the edge
out of the retiming single-shot fires the integrate-and-dump (I&D) single-
short. During the time out of the I&D SS, the bandlimited waveform is
integrated in an RC network, and sampled by a comparator at the dump
time. The resulting TTL level of the comparator output is clocked into
the two-stage shift registers which are exclusive-ORed to determine the

output data bit polaritv.

Finally, we note that in this report we have assumed the bit
rate read from the disc was 4/3 MHz. As a result of the meeting at GAC
on 12 December 1976 (Kenney, Nadan, Stoller, Harper and Goutmann), it was
decided to increase this rate to 1.67 MHz. The purpose of this increase
was to accommodate overhead which will be required in any commercial
peripheral application. The demodulator hardwave being built by GAC will
be designed to operate at the 1.67 MHz rate, and we are confident that the
analysis results concluded for the 4/3 MHz rate remain essentially

unchanged at the 1.67 MHz rate.




APPENDIX A
ASSUMPTIONS MADE IN DERIVING THE CONVOLUTION OF FIGURE 2.3 : ]

When the read beam passes over a pit, it creates a pulse, p(t),
out of the photo detector, where p(t) is the convolution of the beam

shape and the reflecting "profile" of the pit. To write a sinewave of
frequency f onto the disc, we assume that pits are written at a periodic
spacing of 1 = 1/f. Consequently, if the Fourier transform of p(t) is
given by P(w), the spectrum of the periodic sequence is P(w) evaluated

at the frequencies nAf (Af = 1/1, and for an even convolution function,

n takes on only odd values). The fundamental (n=1) corresponds to

the "frequency response'" of the disc and is given by P(2rf).

To obtain Figure 2.3, points were picked off from Figure 12
of reference 3 at 1 MHz increments, and a 32-point I-‘FT_l on the resulting
array was performed. Consequently, the resulting samples of p(t) are
separated by 1/32 of a microsecond (.03125 ps). Since Figure 12 of
reference 3 corresponds to a disc rotational speed of 30 Hz, and an
inner diameter of 110 mm, 0.03125 us corresponds to 0.321 microﬁs.
Samples of the inverse FFT plotted at increments of 0.321 microns
appear as the broken curve of Figure 2.3.

The solid curve of Figure 2.3 is obtained by convolving the
sampled data version of the pit scattering profile: (1,1,1,1,1,1,1,1)
with the sampled beam amplitudes taken from Figure 2.2 at a spacing of
L.0a: €003 @05, 0,135 @il 006y 0l OGiLly 0:96, 0,96 0,71, 0.41;
0.06, 0.11, 0.13, 0.05, 0.03). Since the pit size is 0.99 microns, samples

of the convolved wavetorm are spaced at intervals of 0.99/8 = 0.127 micron.
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APPENDIX B .‘
FORTRAN LISTING OF SIMULATION PROGRAM

H
!
i
{

bl s dionain




e TR i

; [ JRTRAN 1V VO1C-03A PAGE 001
) 0001 DIMENSION ACCC(8), IN(2), EEAM(S4)
nH02 DIMENSION INDAT(A4), XIOUT(44), FOS(2)
t )03 DATA POUS/8e0 /
w04 DATA ACCC/2#0. /
0005 DATA EEAM/O. , 0 ,0..0.,0.,0.,0..,0.,0.,0 ,0.,0.,0.,0.,0.,0.,
W AT T “#0C 7, 00 L0720, 03, 05 130 )Y, .06, 4. T 7Y 96, T )
*.96,.71,.41,.06,.11,.1%,.05,.0%,0.,0..0.,0.,
N 4 0,.0,.0,.0,.0,.0,.0,.0,.0,.0,.0,.0,.0,.0,0..0. /
{ ¢ Y046 COMFLEX P, AL. ZP
i ¢ 07 ACCEFT 99, NEITZ, LNGTH, FOFF, HFCUT, GAIN, BW, FHI, IDOFF, VOL, ACC
0008 99  FORMAT(ZIS, 4F10. 2, 1S, ZF10 2)
TONQYT T T T TTPRINT ZZUNBITS, HFCUT, LNGTH © S 5l - o e
¢ 10 22 FORMAT (1HO, - NUMEER OF TEST BITS 7, 17,7 HWF CUT OFF, IN KHZ”.,F10. 4,
3 * 7 # SMPS. IN INT7, IS)
0011 FRINT 43, GAIN, BEW, FHI
C 112 L3 FORMAT (1HO, ©~ FLL GAINZ,F10. 0, * FPLL BW”,F10.0, INITIAL VT
*FHAZE(DEG) 7, F10. O)
"DO127 7 T PRINT 42, KOFF S T -
C 14 62 FORMAT (1HO, ~ VALUE OF KOFF7, 13)
¢ 19 PRINT &4, IDOFF
0014 &4 FORMAT(1HO, ©  DISPLACMENT FROM VOO Td DET. © . 11O
ong7 FRINT 65, VOL, ACC
¢ 18 ) FORMAT (1HO, 7 DOPP DJFFZET IN HZ (‘Nﬁ?)’.Flu 0.' DOPF RATE IN HZ/
T T T T SEC(SWHS)/,F10.0) T T T e . T e e
0019 PRINT &6
¢ 20 &b FRMAT (1HO, ©  SAMFLED AMPLITUDE OF THE READ EEAM”)
¢ 21 FRINT 47, CEAM
0022 &7 FORMAT(SF10 )
€ 23 ICC=10
C 24~ ~ T FeTVOL=1 p AT T~ =
0025 P=(-~ 707107.. 707107)
0124 SR=((4 /2 )#10 ##lL)#S
o 27 DELPHI=6 19/4
Quzs XXX=VOL#6& S/ZR
0noze WN=4 L;,ljaE
G 30— ZETh=. 797 = =
Q 3% TT=WN&WN/DAIN
00z2 Ti=% £FT
QO 33 TZ=(Z ®«LETAMN)I=- (1, /GAIN)Y
0 =4 RCH=1 /(2 #%SR)
002 CON=(TZ4RCH) 7 (TT+RCH) INITIALTZATION
(o L7 Z72L=2(TZ~RIH) /(TZ+RCH) AND SETUP
O 37 ZFL=(TT-RIH) 7/ (TT+RCH)
(s 2033 FHI=FHI#A 2Z2219/240.
QOZ% OUTN=0
O 40 FIN=0
0 41 FX1=0.
Q047 82 T FORMAT(ZIS) H TEAEE
0 a3 WCUT=4 ZSS17#HFCUT# (10, #%2)
0 44 AL=WCLIT/ (2 #2R#F)
0045 CO=REAL ( (1. ~AL)#* (1. ~CONISCAL) V)
ongs CO=1. /0
0 17 IP=(1 +AL) /(1. -AL)
Qude 7 T C2Z=2 »REAL(ZP) O
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FORTRAN 1V

049
VoS0
0051
Y052
JOS3

T0054

)OSS
Y054
0057
053

V057

T 0040

0Ck1
2062
063
0044
204S

S 066 T

0047
2063
2045
0070
0071

2072

2073
0074
2075
0077
007

—00792°

00zt
00322
0053
0noc4
QO
0027
00zs
00z
00370
0091
0092

00922 -

0074
009%
Q094
0027
007E
009y
0100
0101
0102
0102
0104
0105

380

»

o)

~N

n

Do 20 1=1,7

"INDAT (1+24)=1 Ehvae

VO1C-03A

C3=REAL (ZF#CONM(ZP))
X2=0.

X1=0.

JSEED=0

ISEED=0

IN(I)=-1

oo 21 I=1,8
INDAT(I)=-1
INDAT (I+3) =1
INDAT(I+1&)==1

INDAT (I+322)=-1
INDAT (I+40)=1
INDAT(I+45)=~1
INI=7

LSAMF=-~1

11=54

DO 19 JBITS=1, NBITS
FVOL=0. i
FIRZT=1.

INF=INI

INI=MOD( INI, 2)+1
INT=MOD(INI+KOFF, 2)+1 ~ ~~
INCINI)=-1
X=RAN(IZEED, JSEED)
IF(X. LE. O 260 To
INCINI) =1

0D 4 IX=1,=

IF(IX EO S)LSAMP=-LSAMP
11=MO0O(CII, £4)+1
INDAT(11)=LSAMF

Go T0 S

IFCINCINR) EN —-1)G0O TO &
L 7 IX=1,2
I11=MODC(II, £4)+1
INDAT(I1)=LZAMF
GooTn S

3

PAGE 002

INITIALIZATION
AND SETUP

g SELECT RANDOM NRZ DATA BI[
AND PERFORM MILLER ENCODING

L ool S

11 JCONV=1, 2
=MODOC.S1, £4)+1

S1=J31

| (]
1531=MOD(TZ1, 44)+1
XIN=XIN+(FLOATC(INDAT(ISE))

12 1=1, %S4

CONVOLVE BEAM AND PIT
Y#EEAM(I) ) -

X==X2Z

XZ=x1

X1=C2ZuXZ-C 2aX3+C0%XIN
CUTF=0TN

DUTN=X1-2 #X2+X3

CALL SSWTOH(S, JUMP)Y -

<
TWO-POLE BUTTERWORTH HPF
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P
|
-
®  FoRTRAN 1V vo1C-02A PAGE 003 i
& 0106 y IF(JUMP. NE. Z)PRINT 70, 0UTN, J31, JEITS, INCINI), 11
| 0103 70 FORMAT(F10 2,414)
0109 XOUT (U1 )Y =0UTN
~ o110 IF(SIGN(L , OUTR) ER SIGN(L L OUTN))IGO TO S1
| 0112 ACCC (JCONY) =ACCE (I0INY ) +1
1 TO113 T UYY=AES(OUTP) / (AES(OUTN) +AES (OUTF)Y ) e L N T Lt R
4] 6 0114 FIJK=FLOAT (LICONV)=(1 =YY)
: 0115 Vv FIN=(FHI+DELPHI#YY) =2 14159
b 0116 VIF(FIN GT 3 1841S9)FIN=FIN-&. 25317
; ¢ 0118 i VFXZ=FX1
b ) 0117 VFX1=CON#F IN+ZFL#FXZ
TOL20 T T U FOUTERX 1 -FX 22 7L e T T T e R
i ¢ 0121 CALL SIWTCH(7, JUMF)
i 0122 IF (JUMP. EQ. 2)00 TO 94
ki 0124 PVOL=1
! (« o1zs IF(FZTVOL. EC. 1)FRINT 150
0127 FSTVOL=0 PHASE LOCK LOOP
ot S0  FORMAT(1HO, © FRED STEF STARTS HERE”) (Geatements diveceiy
a o1 94 FHI=FHI+DELFHI+ (GATN#F 0T /SR) +FVOL#X XX impiementing the PLL
1 01 VIF(FHI LT & Ze319)50 Ta 11 e taaloated ek
01 ITCON=MODCITONY, 5) +1 AR L Diher
c 01 EX=FLOAT (ITCION) —( (FHI-4A, 22219) /DELFHI) statemeats set up
ot IF(FIRST. NE. 1. )GO T&v 11 printonr.
T 0136 FIRST=0
e Q1327 T JK=MOD (JCONV+IDOFF, &)
0133 CALL SEWTCH(Z, JLMF)
0137 IF (JUMF E Z)G0 To 11 E
™ 0iay IFCI0D ED 1000 TO 92
: 014% ICC=10C+1 [
=044 b, Ta 1} : = 3
0145 92 FRINT #1, JEITS, JOONV, FIOE, EX, FOS
0144 1CC=1
0147 91 FORMAT(Z17, ZFe6 2
0145 11 v FHI=AMODO(FHI, & )
0149 13 SA=MODOCT T +54, &
01580 ' JEZ=MOOCTT440, £48) +1 g s Cpkan 4
'y 0151 =1 IFCIBEITS LE 2)00 T 140 ;
0153 o 18, J=1,2 = :
0154 S IS, L4 A i
0155 |
. 0154 It |
S OiS7 & = |
0153 < 3
¢ 0157 z }
0140 DO &2 K=1, LNGTH |
- 0141 S1=S14+SIGNCT. , XOUT CIS1))
0142 Z4SIONCL  XOUT (152))
S W2 =MOD(T=L, £24)+1 -
¢ 0164 32 SZ=MODCILD, L4) 41 DETECTOR
0145 CALL SEWTOHZ, JMF) OPERATION
0144 IF(JUMP NE Z)FRINT 52,021, IS1, 51, 52, INCINT)
o 0163 S22 FORMAT(120, 1S, 2F10 2, 14)
0165 IF(SIONCGL L S1) NE SIGNGL L S2)Y60 TO 17
0171 TGD TS




s

&

FORTRAN IV

0172
0174
0175
C017¢
0178
T0179
01€0
0181
01&3
01€4
o18s

otes

01&7
01&€8
Q187
0170

17

18

16

VO1C-02A

IFCINCINT). EQL 1)GO TO 16

POS() =FDI(U)+1
GO TO 14

DETECTOR OPERATION

IFCINCINT). EG -1)G0D TO 16

POS(M)=FO3(.0)+1
CONTINLIE

CALL ZEWTCH(4, JUMP)
IF (JUMF. NE. Z)FRINT S4, FOS

FORMAT(ZF4L 1)
CONTINUE
CONT INUE

" FORMAT (2F 4. 0)

FRINT 24, FO%
FRINT 24, ACCC
CALL EXIT

END

(continued)
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