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Chapter 1

INTRODUCTION

In recent years the rapid growth of information needs has made
cbvious the requirement for more efficient and cost effective use
of communication channels and the necessity for optimal information
content in each trapsmission through these channels. ‘This report
presents the results obtained to date in an extensive research and
deve}opment program, which offers an important partial solution to
this problem, be%ng carried out at Case Western Reserve University.

The program involves, first, the design, development, and
construction of a novel black-and white and color Var@able FPrame
Rate Television System (VFRTS) which permits video transmission over
channels having less than the standard 4.5 MHz video bandwidth and,
second, a system for electronic recording, transmission, and repro-
ducing holographic information. The VFRTS system has been success-
fully demcnstrated and preliminary, encouraging, results have been
obtained with the holographic system.

The novel feature of the VFRTS system is that it combines the
large analog storage capabi;ity of a magnetic video disc as a mass
memory with the reliability of digital technology for the actual
time expansion and compression. The use of a magnetic disc for
video frame storage makes expansion to multiple frame storage a
simple matter of adding appropriate reéd—write electronics for each

new channel rather than adding a complete new memory for each, as



required in all digital systems. In addition, the use of a novel

technigque for transmission of color video signals resulted in a

requirement for relatively modest médifications of the original
black-and-white gystem.

The holographic transmission system, by employing a phase
modu;aied reference wave, enables electronic recording, transmission,
and reproduction of holograms using a conventional television format,
with a low resolution, nonintegrating camera and a coherent mixer.
When combined with the video disc system it offers the potential
capability of producing a wide perspective hologram by appropriately
combining several narrow perspective‘holograms.

Because of the volume of material that has been generated
relative to the nearly—éompleted VFRTS system, we have chosen to
present this repoxrt in fhree volumes. In addition, Volume I is
further subdivided; as described below:

Volume 1: 1. Technical design considerations and system

operation of the black-and-white VFRTS.
2, Progress report on the electronic holography
system:

Volume 2: Technical design considerations and system operayion

of the color video VFRTS.

Volume 3: Flow diagrams, schematics, -parts lists, etec., for

the black—and—vhite and color VFRTS systems,

In“Chapter 2 of this volume each of the subsystems ;f the biack—

and-white VFRTS is discussed. In Chapter. 3 the prdgrESS made to date



on the electronic holography system is discussed. While each
chapter has concluding remarks about the system-discussed therein,

Chapter 4 presents general concluding remarks.



2. VARTABLE FRAME RATE TELEVISION SYSTEM

2.1 INTRODUCTION

2.1.1 BACKGROUND

Tﬁe point—té;point transmission of visual scenes is regqularly
-accomplishea by real-time Eélevision systems. For private users the
tra;smiséion chénnel may Eake the forﬁ of a coaxial cable, microwave
;syétem, or optiéal 1ink. The basic reéuirément which must be satis-
fied by ail these transmission techniquéé is that of sufficient band-

width; the U.S. standard television signal requires a minimum of

»

4.2 MHz baseband response. While slight reductions are possible,

&

picture quality deteriorates rapidly for channel bandwidths below

2 MHz. Attempts have been made to select reduced resolution real-
. . i
time scan formats allowing bandwidth requirements to be relaxed to

n 1 MHz but the difficulty of realizing even this more modest reguire-

ment is immense if one is forced to use inexpensive narrowband
. .. 4

channels such.as those provided by equalized land-lines or high

frequency radioc links.

Wideband transmission channels present a trade-off among cost,

T

performancé and versatility. Microwave systems are probably the

most cost-effective solution for point;to-point transmission in that

the technology is mature and short-hop AM terminals are relatively

inexpensive (<$10,000). Line of sight limitations and licensing

requiﬁements in conjunction with frequency allocation problems posed

. by pétential adjacent-channel interference present the microwave

user with a relatively limited and expensive network capability.

This is especially so in crowded urban areas where channels are be-

coming increasingly difficult to obtain. While in principle cable



systems utilizing repeaters can be run over large distances in vir-
tually any network configuration, the cost and time involwed in the
installation of such facilities renders them impractical in all but
a very limited set of circumstances such as in-house video distri-
bution or large commercial cable television systems. How then,might
inaividual interactive users separated by tens or hundreds of miles
exchange visualﬁinformation without entertaining the'exhorbitant
costs of dedicated wideband transmission facilities?

A solution of this difficulty is afforded'by a system configura-
tion known historically as slow-scan television, whose chief charac~
feristic congists of transmitting much less information than the
real-time format by means of frame-rate reduction; that is, real-time
transmission is gacrificed to attain reduced bandwidth and hence an
affoédable and versatile transmission channel. Some éystems use
Speéial cameras and monitors designed to operate at significantly
reduced scan rates, but if motion occurs at the transmission site,
the camera inevitably blurs the image. The received picture is
built up slowly on a long retention C.R.T. monitor; these displays
generally employ green or yelleow phosphors, have smail viewing size
{v 4" diagonal), suffer from low resolution and exhibit spatially
‘non-uniform image brightness. These characteristics tend to make
slow-scan television a psychologically unpleasant viewing medium and
applicable to a relatively sﬁall class of telecommunication user
needs.

If one wishes to transmit clear, stable, high-resolution



images using a reduced bandwidth format, some form of video buffer
memory is needed, both at the transmission site to prevent blurring
and at the receiver to aliow for a stable, flicker—ffee image which
can be processed and displayed using conven£ional television equip~
ment, Conceptually the transmit buffer is loaded with a single pic-
ture or television frame at real time rates (v 1/30‘second) and
unloaded at a considéiabij slower rate - hundreds or thousands of
times more slowly to match the available channel bandwidth. At

the receive site the buffer operates in reverse, i.e., it is loaded
slowly from theqchannel and then circulated at real-time rateslto
continuously produce a stable full-bandwidth vidéo signal for the
moniéor. Of course a picture cannot be received while‘one is being
displayed unless two receive buffers are employed, multiplexed

such that one is being loaded froﬁ the channel while the other pro-
vides the previous signal for display. In this fashion no time is
lost waiting for a transmission to be received and the monitor up-

dates at the maximum rate allowed by the channel.



2.1.2 SYSTEM OBJECTIVES

The evolution of this project has dictated certain major criteria

which must. be satisfied in the system specificafions. This section

examines those needs in the l;ght of available technology. Necessary

performance object%&es include: )

1) Ability to interface standard telev;sion inputs and
-displays.

2) Constant, steady dispiayg at the receive site with no
aﬁtendant waiting Qeriad for picture b;ildup.

3) Maximum fram; update rates consistent with availab}g
ch;nngl_band;idth and system complexity.

4) Transmission of color stills without penalty of

decfeased reéolutioﬂ or increased transmiésion time

over ﬁonoc@rome transmissions.

5)‘Uti1i;ation of cost-effective technical solutions to
make available low-cost terminals,

6) Picture quality appropriate to home viewing standards

rather than the more stringent studio quality called

for in conventional microwave network transmissions.

Video buffer memories allow the first three criteria to be
satisfied. Transmission of the baseband video signal in a timebase expande
form, and hence bandwidth reduced, affords the fastest possible
transmission speed without complex bandwidth éomp;ession algorithms,

which vastly increase the cost and complexity of a terminal and



inevitably result in degradation for certain types of picture detail.
A further advantage of this scheme involves system checks and main-
tenance - the reduced bandwidth signal is an exact duplicate of the
real-time signal. Inspection of test signals present in the vertical
interwval can be readily ma&é to evaluate system performance. For
:egaﬁple, standa;d multiburst and sine-squared pulse signals inserted
in the real-time television signal prior to transmission are thus
carried through all processing steps and can be inspected in the
narrow band channel as well as at the receive terminal after time-
base compressiecn.

* The direct timebase expgnded analog format also lends itself
to NTSC color transmission without significant gystem electronics
alterationg and with no inherent penalty in resolution or trans-
mission speed. It must be understood, however, that channel require-
ments, particularly in group delay flatness become more stringent
and must be controlled by proper equalization procedures.

Television.picture quality is necessarily subjective; it is
difficult 'to assign an "optimum" trade-off in terms of signal-to-
noise ratio, resolution, transient response, etc. Table 2.1 out-
lines eleven distortion parameters which. can be used to characterize
color picture quality;. both studid and acceﬁtable viewing standards
are coﬁpared. Effort was made in coﬁstructing this table to deter- .
mine a rationale for picturg acceptability and the appropriate nota-
tions explain the decision criteria. The acceptable standards out-

lined form a basis for overall system picture gquality, but are only



TABLE 2,1 (References appear on next page)
TELEVISION SI1GHAL DISTORTION LIMITS
TYPE TEST WAVEFORM ° STUDIC SPEC ACCEPTABLE SPEC
1) K" - Factor' 2 T Pulse and Bar K=1.0-1.5% K = 3.0-5.08> -
2}  Tite Full Field 60 Hz Squarewave 0.5-!.0%“ 525
3)  Frequency Response Multiburst Flat + 0.25 db? 6
{dc-4.2MHz)
4} Chrominance/lumifance 12.5 T Modulated deferrg.dz' 100 nsec (fla:)7
belay Sine~squared pulse - 250 nsec (shaped)
5)  Chrominance/Luminance " deferre.’.!2 Satlsfied by 3)
Gatn ,
6) Differential Gain Stairstep modutated with APL Max.z 8
@ 3.58 HHz 20 IRE unit CW subcarrier 10% l.gdb +24db
£0% 0.6db '
308 1.0db (any APL) _
7} Differential Phase n' APL__ Max + 68
@ 3.58 MHz - 108+ 2
50% .+ 1.5° (any APL)
903 ¥ 2.0°
8} Chrominance into Modulated Pedestal No Spec +-SIRE units
Luminance
9)  Luminance Nonlinearity Stairstep No Spec + 5%
2 9
10) Signal to Wideband - 56db’ EE ' hbdp EB
Noise Ratio {weighTéd) {weight&)
t1) Signal to Hum Ratio ——— 40 db 30 db
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+

Methods of Waveform Testing, Pulse and Bar - "K" Factor,
A.B.C. Laboratory Report No. 26, A. N. Thiele

EIa Spééification RS—ZSOA; "Eléb&rical Performance Standards
_for Teleyision Relay Facilities", Feb. 1967.,

B.B.C. Eng. Div. Technical Iné%ruction V5-8ine=Squared Pulse
and Bar Testing Methods, Mar. 1961,

EIA Specifications RS=17QA, "Electrical Performance Standards’ -
Monochrome Television Studio Facilities", Nov. 1957.

T

Can be arbitrarily reduced using keyed clamping in video
processing amplifiers; all 106 proé¢ amps have this feature.

The most crucial factor observed by the experimenter concerms
the smoothness of the roll-off, not the absolute attenuation
at the band edge. -

Lessman, "Subjective Effects of Delay Difference Between Luminance
and Chrominance Information of the NTSC Color Television Signal®,
SgPTE Journal, Vol. 80, No. 8, Aug. 1971, pg. 624.

Cavanaugh, J. R., et al., "Subjective Effects of Differential

Gain and Differential Phase Distortions in the NTSC Color
Television Picture", SMPTE Journal, Veol. 80, No. 8, Aug. 1971,

pp. 623-624. Values reflect BBC study; U.S. results using slightly
different acceptability criteria are + 1.4 db. and + 5°
respectively.

Consistent with available 5/N of non~studio guality B & W and
color television cameras.
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intended as a benchmark.

In summary, the transmission system should include video buffer
memoxries at each teminal, employ direct timebase expanded signals
throughout and will seek to satisfy the picture quality levels listed

in Table 2.1.

The next section explores various technologies applicable to video
buffer memories and identifies the most cost/performance effective

approach consistent with stated objectives.



1z

2.1.3 VIDEQ MEMORY TECHNOLOGIES

It can thus be seen that the principle sub-system needed for
high guality narrowband television transmission is indeed a video
buffer memory. These memories must be capable of real-time opera-
tion as well as slow access and they should not perceptably degrade
the picture signal-to-noise ratic or resolution. Desirable features
further include non-veolatility, low initial cost, (three are required
for a gingle simplex chanéel), high reliability and low maintenance
costs. The technologies available for such memories aré shown in
Table 2.2 which includes an evaluation of pertinent characteristics.

Minimum criteria for a suitable video buffer technology include
low cost, and small size, weight and power consumption consistent
with acceptable technical performance. Estimates for these para-
meters for a hypothetical 6 frame capacity memory sufficient for a
full-duplex channel appear in Table 2.3 . Inspection of Table .2-3
indicates that the magnetic video disc offers an optimum choice for
a video memory for multiple frames. This advantage becomes even
more -pronotnced if a single disc with multiple heads is configured .
as a buffer for a multi—channel'narrowband video system., For
example, a ten channel full-duplex system would require 3 x 10 or
thirty frames stored at each location.

The current trend in digital memory tecﬁﬁology shows promise
in cost, size and power reduction for frame storage. For appli-
catioﬁs which requi;e a mechanically rugged package—mobile, air-

borne, or space horne - digital technolegy would be the appropriate



TABLE 2.2

COMPARISON OF MOST COMMON VIDEC STORAGE TECHNOLOGILES

Multiple
* Single Frame Store Frame Store Mass Store
Storage Digital video Quadriplex
Characteristics Tube Frame Store Magnetic Disc Videotape
Storage Method Direct Video PCM{Typ.8 bit) Analog ™M Analoy FM
Access Random Random Parallel or Serial

Access Time

Luminance Linearity

Luminance Resolution

Volatility

Storage Capacity
COSF‘Range

Direct Color Storage
Available

Support Complexity
Reliability

Expected Maintenance

21041077 sec

no3%
30-40 levels

10-15 minutes
typ,

1l Frame

5 5000-6000

No
Moderate
Moderate

Low

n 10-7 sec

< 1%

256 levels
(8 bit)

Non-volatile

w/battery
backup

1 Frame/Store

$10,000-30,000

Yes
High
High

Low |

Serial

4y 10_2 sec

V1%

Continaous

Non-volatile

1-103 Frames

$3000 -
100,000

Yes
Moderate
Moderate

Low

Shuttles at
n103
frames/sec

R

Continuous

Non-volatile

105-106 frames

$100,000-
200,000

Yes

High
High
High

£T



TABLE 2.2 (cont'd)

Storage Digital Video Quadriplex
Characteristics Tube Frame Store Magnetic Disc Videotape
Parts Replacement
Costs High Low Low Moderate
Cost/Frame Stored High Very High Moderate Very Low
Suitable as Video
Buffer Yes Yes Yes No
Typical
Manufacturer Princeton Quantel Ampex Ampex
Electronic
Products

71
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TABLE 2,3 TRADECFFS FOR 6 FRAME VIDED STORE BASED UPON CURRENT COMMERCIAL PRODUCTS

Parameter

Storage Tube

Magnetic
Video Disc

Digital Frame Store

Est. Cost for Basic
Memory

Memory Volume
Weight

Power Consumption

830,000
n 8 cu. ft.
300 lbs.

n 1.5 kw

$10,000 -
20,000

2=4 cu. ft.

30-50 lbs.

0.2-0.3 kw

n8100,000
n 12 cu. £t
A 350 lbs.

1-2 kw

ST
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choice despite the increase in cost. In the future it is expected
that an all digital memoxy could becéme a jmost ‘cost efféctive

solution for video memories of limited caﬁacity; It should however

z

be emphasizéd fhét frame capacity expansion is a &iréct exéansion of
hardware in the digital meﬁqry, whereas the disc need only acquire
additional tracks, which are naturally available on the continuous
magnetic surface., A single moving head‘can-access-hundreds of
individual'fraﬁes Eif one frame is recorded pe; tracki on a single
10" disc memory. .It can be clearly seen that for bulk éicture stor-
age and processing, éhe magnetié video diéc will still occupy a

respectable technical position for many years to come.
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2.1.4 MONCOCHROME SYSTEM

-Prototype Requirements.

To establisﬁ“criteria for prototype construction, several
. : ..
basic design decisions had to be made at the ouﬁset; The target
criteria were: |
1} simple péint—to~poigt simplex operation over

dedicatéd‘landlinen o

(2) Picture quality commensurate with feal—time
television.

'3) 'Chsice of suitable framg.refrgsh rate 'in

accordance with, viewer sacceptability.

4) Choice of appropriate transmission format.

A transmitter unit and receiver unit were constructed, each with

its own disc memory. Both can be expanded to become an actual trans~

3

ceive terminal b& additional video heads and electronics. Timebase
alteration is performéd in each unit by digital sampled data systems.
Thus the number of samples per 1line mﬁét be sufficient to re;olve
the reguired image détail. The resulting sample clock mus£ be at
least twice the highest freguend& to be recovered in the video signal
tq‘avoi& aliasing -errors {Nyquist';‘iheorem). To reproduce a 4.2
MHz video upgeé bandlimit, a clock of approximately 10.2 MHz was
chosen as it allowé suffici;nt guard bands for realizable video low-

Il

pass filters, but yet covers virtually the entire visible television

line using 512 samples, a convenient multiple of 2.
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The number of actual line periods per frame is 525 in the U.S.
system; ﬁot all cérry visible picture detail., Of thesq,4éo are
sufficient to fill the screen and not significantly distort the aspect
ratio of the picture, The resulting number of samples to be trans-
mitted is 245,760 per frame. If these samples are PCM encoded and
digitally transmitted. to the receive terminal, the required minimum
channel capacities can be calculated for various sémp;e word lengths.
Table 2.4 illustrates these requireﬁénts for various compression
factors and aquantization levels. It should be borne in mind that
anything below 64 levels-/'pixel (6 bits) is not sufficient to preduce
an acceptable picture quality due to guantization noise. For color
transmission 256 levels (8 bits) are reguired due to highly visible
chroma noise.

Table 2.5 illustrates analog channel bandwi?ths and £rans—
mission times for wvarious compregsion factors. It can be seen that
a 15 KHz landline will allow a refresh in 5 seconds, which corresponds
to 159-200 Kbs.

Same-discussioq has been devoted to.digital vs. analog trans-
mission formats, and the comparison has shown that the only technigque
with potential for rapid enough updates is analog transmission. At
this point one may usefui1§ ask: what refresh rates are useful?

Ad hoc tests conducted in our facility revealed that real-time. or
very near real—timet(i.e., 2 to 3 times compression) displays were
psychologically identical and the latter only failed when violent

picture movement occurred. The region from 10 refreshes per second



TABLE 2.4 COMPARISON OF CHANNEL CAPACITIES FOR PCM DIGITAL TRANSMISSION*

Word ApPpProx. ‘ Required Bit Rate**

Length Quant, S/N . Compression Factor
(bits) Levels 7 (db) 1 75 v300 1500‘
4 16 - - 24 29.4 Mbs 393.2 Kbs 98.3 Kbs 19.6 ﬁbs
5 32 30 : 36.8 489.1 ¢ 122.8 24.5
6 64 ) 36 44,2 589.8 147.4 29.4
7 “128 42" 51.6 ) 688.1 o 172.0 34.4

8 - 256 48 58.9 . 786.4 - 196.6

* Data reflects quantization of 245,760 sam?les/frame.f

** pActual bit rate must be higher to include word and block formatting bits
for field and line identification.

39.2

6T



TABLE 2.5 COMPARISON OF VARIOUS POTENTIAL VFRTS BANDWIDTHS
Bandwidth Typical Available Bandwidth Transmission Time-
Compression Analog Storage {flat to+.25db) {seconds)
Factor Chanfiel Mechanisms Field - Frame
1 ‘coaxial cable videotape 4.2 MHz 1/60 1/30
. microwave recorder
{real-time)- satellite videodisc .
optical digital frame store
75 all of above ingstrumentation 56 KHz 1-1/4 2—1/2
équalized recorder
landlines ‘ .
point-to-point floppy disc
radic trans-— '
mission
300 all of above high quality audio 14 KHz 5 10
studio-to~transmitter . tape recorder '
audipo links phonograph records
broadcast FM optical film sound
ultrasonic links track
. floppy disc
1500 all of above low guality audio 2.8 KHz 25 50

dial-up telephone
network ’

voice grade channels
broadcast AM

audio tape
recorder
floppy disc

0z
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" to about 1 refresh is an area of some interest; viewers generally agree

that the jerkiness of virtually all movements creates annoying dis-

trgctions. Thisg observatién iswquite pivotal in the overall system/
channel configuration; it indicates that beyond a certain bandwidth,
additional channel capacity would only serve to irritate thé viewer.
Note that a 56 KHz channel (Table 2.5 ) provides a refresh every
1.25 seconds. This is just about the fastest update interval that
can be tolerated. Any capacity beyond this should be used for time-
division multiplexing groups of VFRTS channels. For instance, one
real-time channel can accommodate 75 narrow-band 56 KHz channels. No
alteration of any kind is required in the transmission chain because
the actual siénal in the channel would £e identical in every qaf -
except that sets of line pairs are extrécted from different program
inputs. Mixes of various refresh rates can also‘be accommodated in
this schemé and thus some channels are near real-time and others are
virtually FAX type channels, updating every few minutes.

It has been established that the useful range of frame-rate
updates lies in the several second to one minute region. For most
efficient transmission, analog channels should be used, requiring
bandwiéths from ~ 60 KHz to 3 KiHz, ;espectively. For the prototype,
a 5 second refresh was chosen with a corresponding 15 KHz channel.
The unit is designed however to allow any slower iransmission rates
to accommodate narrower transmission channels wifh minor filter

replacements. A brief treatment of prototype operation follows.
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2.1.5 PROTOTYPE CONFIGURATION

A single.channel transmission system prototype was con-

structed to demonstrate that these concepts  could be realized using
¥
vidpo disc storage techﬁology. Separate functions are divided into

+

defined subsystems according to Figure' 2.1 . This figure illus-
trates the inter-related functions of these groups for the monochrome
system which was assembled}aha tested .and demonstrated. The heart of

13 - i,

each terminal is the Master Timing/Sync Group which‘prqvideé digital

* 4

reference signals for syétem opération. The Servo Gxoﬁp accep?s
these electfonic referegce sigﬁ&%slaﬂd seeks to coﬁtrol the motor/
disc assembly to produce uniform disc rotation synchronized to the
televigion field. ;In the case of the transmit terminal (Figure 2.2),
fixed %ideo heads mounted around the periphery of the video disc
write and read iﬁformation from dedicated circular tracks - one head
per track. The television frame - is stored at Ehe éransmit terminél
in the fomm of two seguential fiéldé, one field'ﬁé; track. &2 stanﬁard‘
industrial quality monochroime television camera, d%iven by the Timing/
Sync Group, deﬂi%ers‘video thé thé ﬁod/Demod‘Group which converts it
to a frequency @odu}atgé carrier compatible .with.tﬁé disc/head
transfér‘fuﬁcti;n. This'spectfum'iémwrittén upon'énd recovered

from the disc via the ﬁagnétic heads. During read operation the FM
spectrum is demodulated yielding the original video. This st%ll
frame can be displayed on:a moﬁitor ané simultaneously processed for

transmission by the Time Base Expander Group (TBE). The TBE receives

yideo and parallal digital data from the Data Group. These data
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tracks allow precisé location of' lines and picture sample points
within each field to be dgtérmined despite inevitable minor irregu-
Iaritieés in disc @étaﬁionél speed. A 300X expanded version of the
stored analog video signal emerges from the TBE. Since the TBE is
an all diéital érpcessing‘system, its analog output consists of a
discrete "stairstep” signal exiting a sample and hold circuit.
Necessary bandlimiting and channel filtéring is ;ccomplished by
delay correc#éd filters in the Channel Egqualizer Group before analog
transmission.

Similar filtérs in the receive terminal (Figurg 2:3 ) band- .
limit the iqcomin§ low frequency video signal to remove unwanted
neise introduced during transmission. The Time Base Compressor (TBC)
sémples.active lines from tﬁe low f;equency composite video -and
temporarily stofes them in line memory. During fhis process, the
Data Group monitors disc locations physically assigned to -each video
line and signals a write operation when the disc memory is in the
appropriate qngular position. Thus, incoming liqes are transferred
“to the disc via timebase compression (x300) which restores original
spectral content. The line-writing process continues until an
'entire field or frame, depending upon desired operating mode, is
built up in ﬁemory. At this point the video output is switched to
the most recently written picture and new data begins to be written
on the undisplaved tracks. In this fasion a flicker-free display

is provided to normal TV monitors.
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Basic system design goals and configurations have now been
established. The sections that follow will‘explore each major
subsystem in some detail, outlining peffinent theoretical and
practical design considerations. Group per%érmance specifications
will be ascertained and evalvated. The next section deals with
the Master Sync/Timing Group. Subsequent sections treat the
followihg groups: Servo, ﬁod/ﬁemod, Data, TBE/TBC, .and Channel
Filters. BAn overall summary and concluding remarks will re—empha-
size the primary concepts and designs; goals for the transition

to full color transmission wi}l be established.
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*.2.2 °'MASTER SYNC/TIMING GROUP"

v
.

A}

INTRODUCTION

This groupfgeneraées the master clocks, sync and timing signals
forleach terminal (see Fiéures2.4and2,5}. The crystal-controlled
16.3636 MHz oscillétor on MOSC (98} serves as the reference for,all
subsequent signals. One clock from this card, MCK (2.04545 MH=z) ,
feeds a television sync generatign c¢hip (MM5320Ni on MSYNC GEN (77);
horizontal and vertical drive signals are fed directly to the trans-
mit temminal TV camera via the- SYNC D:A. (70), which raises the drive
level from TTL to EIA sync standards. Composite sync is processed
on the R/W TIMING. (100) board, which decodes timing information
within the vertical interval. The FRAME R/W CONTROL (10l) contains
four independent controllers that allow ‘frame storage for an asyn-

chronous write command; it receives vertical timing signals from

~{100). A block diagram of the group is shown in PFigqure2.6 ; card

schematics and alignment procedures are available in Appendix a2.1.

MOSC (98)
The crystal oscillator integrated circuit (MC12061P) provides
a 16.5636 MHz TTL-compatible signal to a 74163N counter programmed
to count from 2-9  cyclically. The QA' QB' and QC outputs yield
square wave clocks of 8.1818 MHz, 4.0909 MHz and 2.04545 MHz respec-~
tively. Buffers .are included to drive TTL and coaxial lines. Both
osciilator‘and counter are powered by an on-card integrated circuit

+5V regulator for isolation.
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MSYNC GEN (77)

The 2.04545 MHz clock feeds an integrated circuit television

sync generator chip' (MM5320N) which provides the following timing

signals:
1) MCOMPSYNC
2) MCOMPBLANK
3) MBURSTGATE
4) MBURSTSYNC
5) MHORDRIVE
6)- MVERTDRIVE

A1l signals conform to the reguired color timing standafds pre-
gcribed by NTSC specifications (see Figure2.7). MCOMPSYNC is
processed to yield the vertical timing signal MVERTSYNC; timing rela-
tions.are illustrated for field 1 vertical interval in Figure 2.8,
lines 1 and 3 respectively. A data selector enables these signals
to be distributed to the system either from the sync chip or from an
external source, such as the PROC AMP (lOG‘A/P) {see Mod/Demod group) .
In this fashion timing for the disc serve can be referenced to an

i
incoming composite video signal, such as a test generator, fox

check-out and -alignment.

SYNC D.A. (70)

The sync distribution amplifier drives the camera vertical and
horizontal deflection systems with a 4 Vpp negative-going signal at

75Q. TTL sources from MSYNC GEN (77) are inverted and passively
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clamped; the most positive portion of the waveform is ground referenced
by the clamp diode. B2 video buffer amplifier on each channel provides

output gain and impedance matching to 752 coaxial cables.

R/W TIMING GEN (100}

Vertical interval timing and control signals are generated on
(100} ; refer to Figures2.6,2.8. MVERTSYNC is passed through a
serration eliminator and blank gate generator. BLANKGATE (Fig. 2.8
line 14) is used to control data selection in the Data Group.
ﬁEBﬁﬁEiﬁE} H, H and the processed MVERTSYNC feed the field I.D. logic,
which generates positive-going H/2 duration pulses FlP and sz at
the beginning of each field between serration I and 2. These toggle
a latch to provide FID1 and FLD2 high-true signals. Headrsélect
(head switching command) lines are triggered at the beginning of
the second serration, approximate 32 usec later.

Phase~locked loops are used in both the Data Group and TBE for
clock reco%ery; during head switching the inpup signal is temporarily
disconnected., To prevent the PLL from wandering far from the correct

freguency, a PLLHOLD command (Figure 2,8 13) is generated.

FRAME R/W CTL (101)

All four channels oh 101 are identical. A negative-going write
pulse command (ﬁﬁE) iz routed to a latch which holds the state for
inspection at the beginning of field one. The R/W logic switches
the output lines from read to write at the beginning of the 3rd

serration (see Fig. 2.8, 2.9): Write lines remain high for two
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consecutive frames; the double-write process insures complete erasure
of the previous picture from the disc tracks. An over-ride pushbutton
allows manual writing; if the button is latched down, recording takes
place continually until_ it is released. During the record process,
the ocutput display monitor shows the live video signal, as the demod .
sub-group is connected directly to the modulateé RF signal supplied

to the video heads. This live mode of operation is termed "E-to-E"
and allows frames to be recorded without an annoying flash on the

transmit monitor during frame storage.
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2.3 SYSTEM DESIGN: SERVO GROUP

2.3.1 Preliminary Remarks

It has been established that a rotating magnetic video disc ex-
hibits many desirxable qﬁalities for television image storage. The
actual signal for one field is written via a tiny magnetic head
which floats on an air cushion of 8-10 pinches at a fixed radius.
The resulting c¢ircular track contains magnetic flux transitions
which when sensed later by the same head reproduce the original
image. In order to accomplish this, the disc must rotate such that
it completes exactly one revolution for each television field of
inceming video. Thus a separate electronic system must provide
control signals to the motor which constantly maintain this absolute
timing relationship. A flow diagram (Figure 2.10) illustrates the
actual algorithm and system monitoring necessary to achieve suit-
able disc control. Subsequent sections of this chapter will explore
the theoretical difficulties and demonstrate the rationale for

various design decisions.

2.3.2 Principle Design Difficulties

The most difficult problem to overcome in the use of a rotating
magnetic disc for video buffer memory applications is the unavoidable
timebase instability due to the rotating mechanical system. This

is reflected in the reproduced television signal as loss of syn-
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chronization and image tearing. Since one often reguires switching
between "stored” and "live" channels, the timebaseg of the two sig-
nals should be matched sufficiently so that no erroneous synchronizing
information is produced during switching.

Since we must not misidentify any of the synchronizing pulses,
the required stability is determined by the narrowest pulses present
in composite sync, the v 2 usec wide equalizing pulses, which precede
and follow the vertical interval.l We are led to conclude that
stabilities on the order of < 1 usec per revolution would be adequate
to assure "glitch-free" switching tc and from the stored image. As.
an upper limit, it is also recognized that deviation exceeding one-
half of an active line time (or & 34 usec) would be intolerable
because an entire line of sync could be lost.

Large discs (> 12" dia) often employ synchronous motor drive
to achieve constant RPM; the associated large moment of intertia
(a(dia)4) assures adequate timebase stability. Small discs (4-7"dia).
however, can exhibit + 20 psec deviation or more when driven in this
fashion - some form of feedback serve control is necessary in this
case. The design of such a system usually employs a two-track
glass substrate optical tachometer disc and sensor mounted on the
disc drive which provides: 1) a high-frequency (10-50 XHz) signal
proportional to disc speed and 2) a low freguency position index to
allow precise matching of the stored and live picture signals. The
high frequency feedback signal is locked to the desired reference

horizontal line rate stripped from composite sync via closed loop
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control of the de-servo motor; a phase~locked loop (PLL) is ideally
suited for this application. The following sections will cover the
mechanical and electrical design concepts employed in achieving a

low~-cost, compact servo drive.

2.3.3 Disc Platform Mechanical Design

In the present work an aluminum substrate disc 0.2 thick and
6.5" in diameter wag adopted for storage of 4 MHz bandwidth tele-
vision signals; it is both capable of the required performance and
cost effective, Design and fabrication specifications are given in
Appendix 2.2 ., To provide required disc/head velocities of
> 1000 i.p.s., the disc is rotated at the television field rate
{approx. 3600 RPM); hence, one field is recorded per revolution.

2 brushless dc motor was chosen for the disc drive, primarily
because of its linear torque-current characteristic and RFI free
operation. The motor's rotating magnetic field is produced by a
electronic commutator circuit which sequentially switches current
to the four field windings. Motor dimensional drawings, detailed
mechanical and electrical specifications and electronic commutator
description are exhibited in Appendix 2. 3,

During operation the video heads do not actually touch the
disc surface, they are intended to "£fly" 5-10 pin. over the magnetic
coating. Consequently, wobble at the disc periphery must be held
below 0.001"2 to avoid head “crashes" or contact with the surface.

The disc drive spindle assembly serve to attach both the magnetic and
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cptical dises to the motor shaft, whose ball bearings support the
entire mechanism. This direct drive assembly is shown in Figure 2.11
in section view. To achieve the required disc runout tolerance,
final spindle machining (Figure 2.11, part 2) is performed with the
piece mounted on and driven by the motor itself. This technique
regularly produces a runcut erxrror (wobble) of less than .0001"/1I" ox

N L 0003" total indicated runout (T.I.R.) at the disc edge.

DISC MTG.
PLATFORM

1

,ﬁf

RS
g *A

Figure 2.11 - Disc Drive Spindle Section View

1} motor

2) spindle

3) video disc

4} spacer

5) optical tach disc
6) washer

7) nut.
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The motor flange bolts to a 10" square aluminum plate, shock
ﬁounted at the corners to isolate mechanical vibrations -to the instu-
ment and to reduce the effect of external disturbances on the disc
drive.: Top and bottom photographs of the completé platform assembly
are éhown in Figure 2.12.,

To reduce the complexity and expense of the usual twin-track
glass optical tachometer system, an inexpen;ive 525 line plastic
tach disc is used instead.* One transparent section is made opague
and this section is detected electronically to provide disc position
information (Figure 2.13). Thus a single composite timing track
serves the purpose of providing both disc speed and absolute posi-
tion. Only a single tach sensor is required,. eliminating the mechani-
cal and electrical difficulties and costs associated with completely
separate timing tracks.

The tach sensor consists of a simall lamp-photocell assembly;
the lamé is operated at reduced voltagé for extended life (v 105 hrs).
As the tach rulings pass through a slot between the light source and
photocell, an approximately sinusoidal voltage is produced propor-
tional to the amount of illumination reaching the photocell. The

sensor is mounted over the video disc on an extension arm which can

Dynapar Corporation, 1675 Delany Rd., Gurnee, I11. 60031. The 525
lines correspond to the number of lines in a U.S. television frame.
If European CCIR specifications were required, a 625 line tach could
be easily substituted, with slight servo-control time constant
modifications.
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Figure 2.12 Top and Bottom Views of Disc Platform Assembly
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Figure 2,13 Optical Tachometer Disc.
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the wvertical interval of the composite TV reference; it further pro-
vides long term drift correction for changes in high fregquency loop
gain due to variations in components and environmental ceonditions
such as temperature, air-loading of the disc, bearing wear, etc.

Two innovations employed by the designer provide the most
constant possible drive torgue to the disc assembly - 1) 180° field
commutation and 2) constant current drive. If the four field windings
are switched in sequence, one refers to this ag 90° communtation; the
resulting torque as a function of rotor position as shown in Figure

2,15. The pulsed nature of the torgque is

o 10 ] —+ }
41
=Y
-
<& 07
ﬂ:'_o_ ~ A
g 7 v T
0 10 Io i T I i 1
o 90 180" 270 o° od° 180° 270°
ROTOR POSITION ROTOR POSITION

Figure 2.15 a) 920° winding commutation

b) 180° winding commutation

a typical feature of finite-pole dc machines and is termed "cogging".
Often times, commercial disc drives use servo motors with printed
rotors having hundreds of separate poles to reduce the torque ripple
proportionately. The electronically commutated dc motox, however,

offers an option of 180" commutation providing almost constant torgue

to the load (as shown in Figure 2.15b ). The only departures .Erom
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this flat torque profile are due to non~linearities of therﬁall—effect
sensors and drive transistors (Appendix 2.3 contains an analysis
of the 180° commutator circuit). These slight remaining variations
can be reduced still further by controlling the motor drive current -
since torgue is linearly related to winding curxent for a dc machine.
This combination of drive technigues makes the four-pole motor appear
to have a wvirtually infinite number of poles and a smooth torgque

profile.

2.3.5 High Frequency Servo Loop Model
Figure 2.16 Dbelow is a block diagram of a conventional PLL
motor controller. The motor transfer function is derived in Appen-

dix 2.4 . Straightforward analysis yields the open loop transfer

function,
WE AR, e, N
K¢? ) 7 oS -
Feer ‘SE+1' I V] 1/ Ke) QQ%}
ST, 1% [ s6st+0
e
DIVIDERZv OPTICAL
TACH
i Z
Ky [ K
HIGH FREQUENCY SERVO O0OP
Figure 2.16 High Frequency Sexvo Loop
ST, + 1
Q.L.T.F. = K (—F——— ) (2.1)
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K K.K.X
with K= 0123 (2.1a)

T

It is worthwhile to notice that when driven by a control voltage, the

motor contributes a pole at:

£ v

1
w =T = { T F ) (2.2)

m
KE = motor back EMF constant (volts/rad/sec)

2 2
K, = motor torque constant (Kg+m /amp-sec )
R = - rotor winding resistance ( Q)
2

IJ = total moment of inertia of rotor and load (Kg-m)

In Appendix 2.4 ; Section A, W is calculated to be:

w = o0.385 24 (2.2a)
m sec

It is in this respect that a motor-control PLL differs from an
all electric PLL - the motor can be thought of as a VCO with a pre-
ceeding low pass filter whose cutoff freguency is determined by the

mechanical time constant, T_. Cra

" Because the order of the PLL is three, a root locus evaluation
is desirable to obhserve stability and lcop dynamics as a function of

loop gain, Kb' Solving for the roots of the characteristic eguation
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for various values of loop gain yields the so-called root locus,
whose roots ."follow a locus™ from the poles to the zeroes of the open
loop transfer function. In this case we have three poles.and three

. . 1 .1
zerces; two poles at the origin and one at - T one zero at -
m’ 2

and two. at infinity. For the sdke of illustratioﬁ, choosging T, = 101'm
we get the locus shown in Figure 2.17a. Notice that the two roots
from the origin follow the closed circle, forming for a certain range
of Ko' a dominént complex pole pair as shown in2.17b. This low gain
value yields good filtering but narrow sandwidth - consequently slow
acquisition. If the loop gain is increased to a higher value, a
second complex pole pair is formed (note same damping radial) influ-
enced by tﬁe simple root on the negative real axis as shown in 2.17c.
This configuratipn exhibits wider bandwidth, faster acquisitioﬁ-and
pooxer filtering gualities. Thus it can be seen that two éistinct
"regions" of operation can be had, depending upon the loop gain.

It is‘of further benefit to note ;;; effect of moving the
filter zero closer to the motor pole. If we choose T, = 6t¥,'the

¢

locus of Figure 2.17c¢ zresults. Now the circle cpens and'joiqs the
asymptote without ever returning to the negative real axis. This
particular form has some advantages relative to the previous one -
it exhibits widér bandwidth for the same loop gains and has a region
of optimum performance detgrmined by the relative influence -of the

simple pole proceeding toward the jw axis with increasing gain.

Figuré 2,17 , parts d and e illustrate two extremes of this behavior.
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Finally, it can be seen that for some regions of gain, the roots will
lie on a portion of the locus proceeding radially outward from the
origin - hence for some range of loop gains, the damping constant for
the complex pole pair remains virtunally unchanged - only R changes.
Thus the "form" of the loop dynamics can be held within tight toler-—
ances relative to loop gain wvariations., It will later be shown that
both gualities occur in the same region of the locus.

It has been mentioned before, however, that a more desirable motor
control parameter is the winding current, rather than the drive vol-
tage. The motor current transfer function is derived in Appendix 2.4
Section B and fhe associated servo block diagram is shown below in
Figure 2.18.

The open loop transfer function for this configuration is:

KK KK K.
o123 7T Fs
O0.L.T.F. = (-———7"— ) :g) (2.3)
L3 s

PHASE LOOP VOLTAGE  DC MOTOR

DET. FILTER TO CURRENT ’

Kg ? Conv — e(s)/l(s)
E " 868
REF V (e

ZONLS BN 1P K’éf.” —e >
g

DIVIDER QOPTICAL
ﬁ_ TAC!'I;;

Ky K

BIGH EREQUENCY SERVO LOOP

Figure 2.18
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If we choose F(s) to have the form of a lead network (Eg. 2.4),

) im s+l 5 + m2
F(s) = K4 [ ;I-gii'q = K [ g—;—az 1 . (2 .43

the two O.L.T;F.*s have identical forms (same root locus) with some
significant changes in parémeters. Note that (KT/ZJ) for the cﬁrrent—
controlled motor is "lumped into the loop gain and that Tm has bheen
replaced bY‘Tl. This is a great advantage because we hé&e comélete

. control of T, and T, in the loop filter since they are detexmined
by passive electronic components. Variations in motor parameters
dnd motor loading are now contained in the loop gain - so all gystem
variation will be.exhibited in this parameter. By choosing the opera-
ting point appreopriately on locus C of Figure 2.17, +the loop dynamics

are relatively unaffected by gain variations.

L

2.3:6 _Choosing Parameters for Maximum Closed Loop Bandwidth.

The disc servo should exﬁibit the maximum bandwidth possible
to “track out" disturbances introduced within the loop due to bearing
ancmalies, loading wvariations, etc. In order to optimize the design,
the effect of the real pole upon thg complex pole-péir of the closed
locop transfer function must be considered; fortunateiy, the situa-
tion is simple enoug£ to 5& treated without extensive analysis.
Figure 2.19 illustrates the effect of the pole at s = —pr on;the
complex pole; both normalized risetime and % over-shoot are con-

sidered. If we constrain ¢ z 0.7 it can be seen that for
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The choice of controller open loop zero and pole locations is
now purely a function of_lead network design, given that we wish

W = 6w to yield our desired root locus. In principle, the
pole zero -
only limiting factor on loop bandwidth is the point at which the
magnetic flux within the motor ceases to increase linearly with rotor
current, i.e., the magnetics begin to saturate, and KT drops -~ lowering
loop gain. In practice, however, it is found that non-uniformity of
the optical tach.rulings creates a control frequency whose instan-
taneous value is a function of rotor angle. For constant reference

frequency, the disc rotéting frequency, § , is really a function of

disc angle and can be expressed as:

6 = é(Znﬂ + 0), n e 1, vhere n ig a positive integer {2.5)

It might'firét be thought that this induced rotational variance
would have'a disastrous effect on video luminance linearity, as the
modulation process is FM. In fact, all that is reguired is that
- Bg. 1(2.5) holds , namely that this variation be ;onstant for each
revolution. In this fashion the signal is reproduced just as it was
recorded and the speed variation is self-cancelling.

Since the optical tach disc is inexpensive, it exhibits greater
ruling non-uniformities than the etched glass versions, hence, it is
the dynamic range of induced control current variations which deter-
mines the upper limit on loop bandwidth if we wish the motor current

to flow for a full revolution. It was found experimentally that
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the maximum frequency for the controller zero was approximately
20 rad/sec to meet this criterion. The actunal values used in the

controller were:

Il
il

W 105 rad/sec (2.6a)

1 = Ypole

£
1
Il

2 mzero 19.25 rad/sec {2.6b)

The lead network can now be expressed as

o s + 19.25
F(s) = KF ( g—;—iag——') . | 7 (2.7)

where KF is determined by the actual circuitry. It should be noted
that the zero is located 19.25/0.385 = 50 times farther out on the
negativg real axis for the-current controlled loop; a bandwidth
improvement of 50. Larger bandwidths can be had by inc¢reasing the
precision of the tach rulings at the price of increased expense and

complexity of the tach system.

Root Tocus Analysis

. K (s + 19.25)

0.L.T.F. = . {2.8)
53 4+ 105 52 '

zero @ 19.25 rad/sec, wx,®
poles @ 105 rad/sec, 0,0

Kb = Total Loop Gain
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TABLE 2.6 _

Roots of Characteristic Egquation

X, Py Re {p:} Im {pz}
100 - 104.22 - 0.39115 4.2799
500 - 100.99 - 2,0036 9,5546
1000 - 96.719 - 4.1407 13.486
2000 - 87.115 ~- 8.9425 19.026
4000 - 59.538 -22.730 27.867
6000 - 31.259 -36.876 48.327
8000 - 25.870 -39.565 66.238
4300 - 53.579 -25.710 29.730
4500 - 49.406 -27.7917 31.315
4861 - 42.406 -31.297 35.030

Figure 2.21 shows the behavior of the locus for loop gains

varying from zero to 8000. The region of optimality occurs for

4000 < Kb < 5000. ‘This value of gain results in the following loop

dynamics:

—
e
1]

40 rad/sec

2. ¢ 2 o7

3. response to step in § or 8 to within 10% error

< 65 millisaconds

6.4 Hz

e

4, loop bandwidth, fn
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FigureZ.2l ., Servo Controller Root Locus.
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2.3.8 Functional Circuit Description

The Servo Control Group consists of four circuit boards whose:
interconnections are shown in Figure 2.22. Actual board functions
are illustrated in Figure 2.23 and related timing diagrams in Fiqure

2.24.

Upon power—up, board 33A processes the television sync reference

signalsAMCOM?éYNC and MVERTSYNC to yield HORREF and F2  VERT INDEX
respectively. These waveforms are- shown in Figure 2,24, sub-figures
1z , 13, 10, and 11 . - The highmfrequency servo loop, contained on :
board 43B, receives these signals and provides drive to the voltage-
to~-current converter and electéonic commgtator located on board 108
to bring the disc up to speed. The cbmpqsite optical tach signalf
illustrated in Figure 2.24, sub-figure 1 . passes to the tach pro-
cessing eleétroniés on 33A {(see Fig. 2,23). :This subsystem gives an
indication when t@e disc reaches ébbroﬁimately 3000 RPM (MINSPEED,
Figure 2.24{6) and enable; the missing pulse detector. (Fig. 2,23) to
generate a phénggm pulse (INSERT, Fig. 2.24;4). As the disc nears
3600 RﬁP, this pulse is includedjéor 3 out of every 4 revolitions,
causing the disc to slew at about 0.1% speed increasé prast the
reference waveform, HORREF. The vertical coincidence detector pro-
vides g positive indication when the TACH INDEX (Fig. 2.24;9) aligns
with the VERT INDEX. At this point the disc is locked in speed and
position with the reference signals, and LINELOCK is enabled.

Simultaneously, the tach processor includes the INSERT pulse in
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the composite tach data stream on every revolutién, insuring the
disc will not slew past the correct index position.

. -
i Once LINELOCK has been achieved, the low frequency phase

detector, latch, and differential integrator on b?ard 43B a?e
activated to provide a .correction signal to the main high frequené&
sexrve loop, such that fising edges of the index pulses are-:precisely
aligned. The lock detector energizes the SERVO-LOCK line about 10
seconds after LINELOCK has been achieved, to he certaiﬁ that the |
low frequency. loop has had time to align the:indices qgrrectly.
Real—-time positional error of these indices ié moaitored every two'
revolutions and:indicétéd by 1AG and LEAD light emitting diodes (LED):
During normal operation thes; flicker uni%ormly;'thiS'aliows simple
adjus%ment of thenco;rect ilabJ offset current (located.-on board 43B).
Measured disc jitter is on the order of + 0.1 usec peak to peak.

switch S1 on 332 will disable the coincidence detection cir-
«cuitry when placed in the TE;T position. This featuré allows re-
cording frames from uhsgable timebaseﬁ, éuch as those produced by S
helical-scan VIR's. ‘Switch Sl on 43B,a110ws the low freéuencylphaée
detector loop to be.switéhed out when it is in TEST: this function:
is onlylneeded during' initial al}gnment when the $ ADJ offset current
must be set to place tﬁe indices in regiétration for no net correc-

tion by the low freguency loop.

The control range of the low-frequency loop is approximately

i_%— or about + 15 usec. Figure2.25 illustrates the typical control


http:Figure2.25
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Figure 2.25 Open Loop Timing Error vs. Control Voltage
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vs. & ADJ provided in 43B. In this case, the proper setting lies

at about 2.9 VDC. Since loop gains will vary with the actual com-

ponents u;ed, thi;—singlé "zero- adjustment™ has been provided to
allow centering of the low frequency control loop at room tempera-
ture. The + 15 psec correction range is more than adequatg to
compensate for system temperature variations from 0°C to 56°C.

Complete initial alignment and checkout procedures, and

schematics of the servo hoards are available in Appendix 2.6,

-2.3.9 Solenoid Control of Head Lifter

The video heads fly only when disc/head velocity is sufficient
to “1i£t“ them off the surface (v 1000 i.p.s.}. To prevent the heads
from contacting the dis¢ during start-up and shut—dowé,'the head
platforms are retracted and remain approximately 0.05" apove the
disc surfacé. Servo Group board 97A accepts the SERVOLOCK signal
from 43B and energizes a sp}enoid to rotate a control riné beneath
the disc platfomm; subsequent angular motion is tr%ﬁsmitted to the
lifter arms of each head platform to lower thg'video heads. This
" board monitors the solenoid power .supply (87 VDC), as well as
solenoid temperature.  Should an overheat fault occur in the drive
electronics or éqlenoid, the thermostat will avtomatically disconnect
power and give a HITEMP indic;tion which must be manually reset via
a pushbutton. Positive heads-down indicafion is provided by a ﬁicro— )

switch sensor mounted near the control ring. Both HITEMP and

HEADSDOWN TTL compatible signals are provided for system monitoring.
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Switch S1 allows manual lockout of the solénoid drive circuit to hold

’

the heads in the UP position.
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2.4 VIDEO MODULATCOR/DEMGODULATOR SYSTEM DESIGN

2.4.1 Introduction

bharacteristics of the magnetic record-reproduce process will
be developed and related to video disc recording parameters in terms
of reguired head apa‘disb gspecifications. Electronics system re-
quirements are divided into three sub-groups - Read-Write (R/W)
electronics; modulator, and demodulator electronics. Design para-
meters, circuit configurations, and éerférmapce specifications will
be developeé and discussed for each sub-group. Overall systém
performance will‘be evaluated with comments for possible areas-of

improvement. A discussion of the FRAME R/W cycle (transmit termi-

nal} and LINE R/M cycle (receive terminal) is giyen.

2.4,2 The Magnetic Record/Reproduce Process - Basics

‘When an electrical signal is recorded on magnetic media, the
tape (or disc) must be magnetized such that a giveﬂ flux amplitude
and,polarity"as a function of tape location repreéent thé signal
ags a function of time. fThe relative tape-head motion, which is
(ushally) maintained constant during the record or réproduce
process causes time variations of the electrical signal to be
translated into spatial magnetic flux variations within the media.
Thé remanent flux, ¢r, within the media cén be expressed, for a

sinusoidal current in the record head as:
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¢r = KIsinwt 2.9
where: g = peak current (Amp)

w = instantaneous angular frequency (rad/sec)

K = read/media loss factor

t = time {(sec)

The record loss factor K, is in general a function of the head/tape
geometry, magnetic material, and fregquency. Loss mechanisms involve
record head losses, media self-demagnetization, and record sepa-
ration losses.l In general, these losses (cambared with those
experienced in the reproduce process) modify the record-reproduce
transfer function primarily in the form slightly of decreased
response at high frequencies. Naturally, they are intimately
related to the choice of magnetic materials, which is not pertinent
to this discussion. The interested reader should refer to a recent
tutorial in magnetic recording for an in-depth treatment of these
loss mechanisms.

The magnetic flux at any point along the tape can be represented
as:

K T sin 2% 2.10

r A

o
Il

where: x

linear tape coordinate

tape/head speed
record frequency

<
It

recorded wavelength = %-= {

Playback voltage is induced in the reproduce head by flux lines
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emerging from the media which pass through the head .core. The
amplitude of the voltage is determined by the rate at which a given
number of flux lines cut the fixed number Sf turns of the head

-

windings (Faraday's Law). The flux can be represented as:

d¢r )
B o= Kg : 2.11
‘where: B = emerging flux
. K' = 1loss factor
¢r = remanent flux

The reproduce loss factor, K', is a complex function of many
phenomena and will be examined in detail later. This eguation may

be expressed, in the tape coordinate, as:

B = K'I <% cos == i Co2.12

where t =2, £=3s/A, ¢ =KI sinut, K" = KK's .
"The head output voltage, e, is.directly proportional to the

number of flux lines cut per unit time; thus:

e = KI fcoswt 2.13a
2 27X
or e = K“Is'iﬂ-cos U 2,13b
where: K = composite logs factor

it is seen that 1) output voltage is proportional to record
current and frequency, 2) record and reproduce frequencies are

identical for constant tape/head wvelocity, 3) record current and -
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output veltage. have a 90° phase difference for any location on the

tape. WNext, the particulars of video recording will be examined.

2:%-3- Saturated ¥M Video Recordinq

The vid;o spectrum extends from virtually dec through several
megahertz; direct recording is impossible because reproduce voitage
approaches zero as frequency approaches dc. Thought of another wavy,
the signal to be recorded covers over 20 octaves in frequency. Not-
* withstanding S/¥ limitations, the recorder would ha&e to cover a
dynamic range on the order of 120 db (6 db/octave). -Fortunately, the
video signai may be FM encoded such that the range of wavelengths to
. be occupied within tbe magnetic medium is reduced to less than one
dec‘ade. 'An additional advanta:ge_ of this approach is that FM repro-
duction depends only upon the deﬁsity of zero-crossings of the read-
back signal rather than its amplitude. Thus, suﬁficient magnetic
force may be applied to the'meéium to achieve saturated remanent
f}ux, ¢rp for maximum playback S/MN. The kinearity of video lumi-
ﬁance {amplitude) is only a function of the FM mod/demod linearity
and group delay and is independent of the linearity of the record/
reproduce process. It is necessary, howev;r, to closely examine

the reproduce losses associated with the head and disc in order to

specify the FM energy distribution for optimum video performance.

2.4.4 The Magnetic Reproduce Process

Equation (é.lBaf indicates that reproduce head output voltage
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increases indefinitely from dc as a function of frequency at 6db/octave
for conétant recording current in the head windings. In fact, that
is hardly the case. Various loss mechanisms considerably modify the

reproduce characteristic as shown in Table 2.7 below.

TABLE 2.7

REPRODUCE LOSS MECHANISMS

Type “ Frequency Region Affected
'1) Finité|effective head gap
2) Head-to-tape separation
3) Finite head permeability
4) Heéad-to=tape gap azimutha;:misaliénment : High
5) " Head magnétics lésses | )
é) Magnetic surface losses- {(dynamic head’bounce)
7) Media thickness (flux penetration)}
8) Media self-demagnetization
9) Record loss effect
10) A/2 to head contact area losses

Low
11) ‘Head “bump"

Perhaps the most significant alteration to the reproduce function
results from head gap losses (finite scanning aperture). The re-

suiting loss factor can be expressed as a function of recorded .

. 3,4,5
frequency as
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sin Klf
Gap Loss (db)y = Lg = 2010910 I Klf 1 2.14

f -= fregquency (Hz)

Tg
K = -—---—e c-* -

s -
9 ‘= effective head gap* = 1.l2qg
g = actual head gap (in.)
S 'é head-to~disc speed (i.p.s.)

The video heads chosén for this system have a nominél gap ‘width of
50 pin. Narrower gaps would yield higher geproauced frequency
response, but exhibit readback signals of insuééicient ;ignal—to—noise
ratic. Complete head specifications are shown in Aépendix a2.7.

The video head need not be in di?ect contact with éhe s;rface

-’

of the magnetic disc. .‘These partieular heads fly in an aerodynami-

cally stable state appfoxima;ely 8-10 pinches above the surface,
which eliminates the possibility of head or disc wear. In order to
achieve a stable flyiﬁélconditién,heéd platforms were designed to
allow virtually independent adjustment of head height, pitch, yaw,
and roll (see Figure 2.26}. A triangular head platform located on
sub-assembly (1) in the figure is capable of accommodating three
independent heads spaced on 0.100" centers. Up to 12 platforms (36

heads) can be mounted arcund the periphery of the disc.

*

The effective head gap varies (due to fringing) from 1.1 to 1.15
times the physical gap width, g, for various magnetic head con-
figurations. A figure of 1.12 is often used for video ring heads
such as those used on disc recorders.
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Head Mount Assembly View.

Figure 2.26.
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The price to be paid, however, for the advantage of eliminating

head and disc wear is the associated disc/head-gap separation losses.
It is intuitively clear that during the recording process the magnetic
forc?, Htﬂgue to head wén@iggséurrgpts,‘decreases as a function of
inéreasing éistancé from;the head gap. The number1o£ flux lines

cutting the core during ﬁhe reproduce process will also be reduced

as the head is moved away from the magnetic’ disc. Wallace3 shows

=

this relation to be

‘ Separation. .oss = L5 = 54.6 | %-) db - 2.15

d = separation of head and disc (in.)

A = recorded wavelength (in.)

Figure 2,27 shows combined reproduce profiles accounting for
gaﬁ and seapraticn losses for d values of 0, 10, 20 and 30 pin.
It can be seen that significant losses are experienced for even

10 pin. separation. PFigure 2.28 (courtesy of Davis-Smith Corpora-

tion) illustrates.the relative sizes of various disc contaminants

and head~to-disc separation to give the reader a better feeling

x

for the dimensions involved. . %

Finite head permeability‘fur%her influences the characteris-
tics of Figure 2.27, but the effects are negligible compared to sepa-
ration losses.6 The fourth loss mechanism, head-to-tape gap azimuthal

misaligmment*error, can contribute  séricus high-frequency losses,

particularly for machines with interchangable media (audio and
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video tape recorders, digital disc memories, etc.). The video disc
with fixed heads is relatively immune to this effect, as the same
head platform is used for both record and reproduce processes. The
design of moving head armé, however, must be influenced by the
toleranée requirements to be ocutlined.

Azimuthal alignment losses are given by:‘7

Alignment loss idb) = 20 log,, { 59%‘—9 } 2.16
where: o TWtane
A
W = width of recorded track (in.)
o = angle of misalignment between record
and reproduce head gaps (rad.)
A = wavelength of recorded signal (in.)

Figure 2.29 illustrates re%ative losses at fixed frequency

(10 MHz) as a function of alignemegt error, o . Figure 2.30 shows
the frequency dependent losses for. .a = 0, 5', 10', and 15', while
Figure 2.31 shows combined gap and azimuth alignment losses.

It can be concluded that azimuthal tracking requirements
for a moving head-arm dictate alignment errors less than 1/6° for
asgociated read losses under 3 db (see Figure 2.30).

Eddy current losses and magnetic losses are purely a function
of magnetic head construction. The primary loss mechanism for

t
video reproduce heads is magnetic material losses. This loss is
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typicélly measured by sending a constant current through an auxilliary
head winding and measuring the open circuit voltage developed across
the normal winding. BAny departure from a 6 db/octave increase with
frequency is due to head losses. The video heads used for the disc
récorder should exhibit a loss of nod more than a 1-2 db up to 10 MHz.
Measurements on closed ring samples were taken and confirmed this
specification.

Magnetic surfacg losses are due to thé‘non-flatness of the
disc - the loss mechanism is separation loss. The disc/head aero-
dynamics for a flying video head cause envelope variations ‘of approxi-
mately 10-15% in the playback signal. These irregularities increase
dramatically when the hgad and/or disc become contaminated. In
severe cases the head may not £ly at all. For a properly flying head,
the 1-2 db envelope modulation is not a concern in saturated FM
recording; but would seriously distort any directly recorded signal
due to the random nature of the imposed modulation.

Since no magnetic coating can be made infinitely thin, the
playback signal for low freguencies has greater amplitude than that
" for éigh frequencies. This phenomenon is due to ihcreased flux
contributions from magnetic material located beneath the disc sur-

face.8 analytically this can be expressed as:

-27t/A

1-e
. . = = R 2.17
Media Thickness Loss Lt I STE/N ]

t = effective coating thickness
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TaﬁleZ.Billustrates 1oéses associated with inner -and outermost tracks
of a videoAdigcdr?tating at the‘Eelev;séop field rate (59.94 rev/sec)
for S.uinch effective‘coqtihg thick;gss.

Half wavelength/head.contact area and head "bump” 1osse39 con-
tribute\on1§ at 1;w spatial %lux densities. The FM'd video spectrum
lies well above frequency .regions for which these phenomena would
effect the playback response. In the case of a direct recording
process, as. used in commercial audioc tape machines for example,
proper head design concepts_must be .applied to. achieve adeguate low
fregquency response.

Self-demagnetizationflosses‘in the magnetic material decrease
high~-freguency response. This éan be accounted for gualitatively
by associating-small, bar magnets with..each local magnetic domain.
At long wavelengths most ba?s are aligned within é given iength of
tape; at higher spatial frequencies more flux reversals exist within
this same distance. Whén thévmagnetizing flux is removed some
domains‘%ill tend to reverse polarity due to the competing effects
of nearest neighbors. Naturally;the effect is -mor;a pronounced for
high spatial variat%on of flux density. Calculations. based upon a
more detailed,tratementlo indicate this effect to be negligible
(<~-1db) up to 10 MHz in this application:

Some experimentersll have found high freguency losses dependén£
upon contagt-dr non-contact {heads flying) recording. 'As might be
expected, less high frequency readback signal is present for non-~

contact fecording. The magnitude of this effect seems to be
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TABLE 2.8

CALCULATED PLAYBACK LOSSES DUE TO COATING THICKNESS

‘Frequency Inner Radius Outer Radius

(MHz) r = 2,25" 5 = 3.00" -
Loss (db) Loss (db)
1 0.16 0.12
2 0.32 - 0.24
3 0.48 " 0.36
4 0.64 . 0.48
5 0.79 0.60
6 0.95 0.71
7 1.10 0.83
8 " 1.25 0.95
9 1.41 1.06
10 1.56 1.18
mn 1171 1.29
12 1.86 1.41
13 2.01 . 1.52

" . .o
Video disc speed 59.94 rev/sec.magnetic coating thickness Suin.
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approximately 2-3 db at 10 MHz for a video digscwith state of the art
ring heads at tape/head speeds of ~ 1000 i.p.s. The exact mechanisms
are not completely understood and‘are being c;osely investigated.
Figure 2,32 depicts the combiﬁed effects of gap, separation,
magnetic material, and head losses to be expected bhased upon the
previously examined loss mechanisms.” Best (outer track) and worst
(inner track) responses are illustréted. video heads useé on this
machine have a nominal gap width of 50 micro inches with a produc-~

tion tolerance of + 20%. For this reason, expected losses were

calculated for this range of gap widths.

2.4.5 Measurement of Disc Write/Read Characteristics

Expgriments were conducted to determine the actual video'
disc write/read transfer frequency response in order to confirm '
theoretical predictions. The necessary‘interfaqe electronics
designed for this.purpose Were'%gter used as a basis for‘a final
portion of the design and as such w:§_ll be described in detail later
in this chapter. A write amplifi;r (constant current vs. frequency)
was developed to drive'vigeo headé at current levels-up to 100 maPP
from 3 to 13 MHz. Considerable effort was expended to achieve flat
wideband gain and delay characteristics and low harmonic distortiom.
The same criteria were applied to read amplifier design and methods
of coupling the video heads to each system. Testing the read amp
was conducted by providing constant current drive to an auxilliary

video head winding and measuring the resultant amplifier output

(¥
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voltége. .Deéartures from a strict 6 db/écta&e increasing slope were
indications of non-uniform response. After corrections for head
loss .and electronic imperfeqtions; the disc transfer function was
detérmingd by successively recording single frequencies'fram 2 to
12 MHz. ‘Figure 2.33 shows the experimentally determined response
of the disc/head pair for the innermost track (worst case). Verti-
cal bars indicate the range of uncertainty for experimeﬂtal error
and variation from head to head. In all, six individual heads of
the same type were tested to éssure a reasonable fange of gap‘wichs.
The experimental results, necesséry for determination of the
video FM spectral distribution, are in close agreement with expected
results, although.high'frequenby losses are éomewhat greater, ;t
was concluded th§t any furtler iﬁvestigation and measurement of
high frequency losses to reconcile th;s data would not be of érac—

- tical importance.with regard to the application.

2.4.6 R/W Electronics (57A)

The read-write :(R/W) eléctronips contained on a single card
(57a) , are divided- into three functional. groups: 1) write amplifier,
2) head switch, and 3; read- amplifier (see Fig, 2.34 ). 'The write
amplifier must accept the wideband FM video spectrum and produce ‘
constant récord current in the video head winding. Constant record
current as a function of fréqﬂency‘produges the optimum trade-off

. iy - - . 4
between playback S/N and moire effects in the reproduced video.

The head switch serves to connect the write amp during record to
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either of two video heads; one head is assigned to each field of the

television frame. Durind playback, these same heads are disconnected
from the write amplifier output and connected to the read amplifier,

which amplifies and low-pass filters the disc playback spectrum prior
to FM demodulation. "The input and output interface-with balanced

508 coaxial cable.

2.4.7 Write ﬂmplifier and Head Switch

The unbalanced write amplifier input is converted to a balanced
differential signal via a miniature wideband transformer (Figure
2.35). For saturated recording, head currents © 100 ma are required
over a 1-10 MHz bandwidth. Constant current operation is achieved
by a voltage driven differential cascode amplifier with resistive
degeneration in the emitters (sée appendix a2.g for schematic
diagram): .A_potentiométer gn the emitter legs compenéates fér im-
‘b;lance in the differential amp. The output signal is coupled to the
- heads via several wideband transformers and diode arrays as shown’

in Figure 2.35. .The diode biidge serves to isolate the read amp

from the high-level record qurrents and couples to the diode arrays
driving each videc head. Heads are connected alternately on suc-
cessive disc revélutions {(to provide sequential field recording)

by the TTL head select lines.

Tnitial measurements of head current vs. drive voltage were
undertaken employing a wideband (v 100 ﬁHz) current probe in series

with the head winding. Frequency response {Figures 2.36,2.37) was
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b 34 TEr s xS
a8 IS s st
.

recordgd ot L0 Mz for ve acitive loads as
showpﬁtﬂit éaﬁ Le seen that increases in drive current occur at
higher,%requencies, for capacitive loading, which is quite rgasonable
to compeﬁsate for head losses. Since expected cable runs are less
than 3 feet,ia net maximum boést.of 2 db is anticipated at 15 MHz.

Low capacitan;e (13 pf/foot) shielded twisted pair cables were
selected to coﬁneét the heads to the head output t?ansformers. Figure
2.38 shows final write amp performance over a 30 db dynamic range

of input signal. 'The write amp transfer func%ion'sehsitivity is

approximately 50 ma p—p/VP_p input drive.

" Past switching diodes (IN914B) are used throughout the ﬁeéﬁ
switéh diode arrays to insure flat frequency éesponse.and.high‘
revérse isolation {low reverse capacitance). Full write cu{rent is
induced within < 1 usec during a head-~switching sequence, assu{iﬁg
very small giitéhes-in the‘readback FM spectrum.

It should be noted that wideband FM systems for Yideo recé}ding
are particularly sensitive to second-order harmonic (ffL:i,stort;i..c:n.l'2
At drive levels of 120 mapp to the head windipg, 2nd harmoniec dis-
tortion is -55 dﬁ«or better from 2-10 MHz; 3rd harmonics are down

30 db.

2.4.8 Read amplifier

The read amplifier front end, a casode bipolar pair; is
coupled to the head switch by another wideband transformer, which

sefves to convert the low level (i mv) differential readback signal
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to a single-ended signai to minimize input amplifier noise contri-
butions. After preamplification the signal is fed to a wideband,
two channel amélifigr which serves to increase the signal level to
approximately 1 vélt ms, Frequeney résponse of the amplifier was
measured vs. cable loading at the heads (Figure2.39 ). It can be
seen éhat cable capacitance forms a resonant circuit with the head
inductance causing slight peaking of’the output voltage, which is
desirable. Response is flat + 0, -0.5 db to 10 MHz for about 30 pf
of'loading. ?he —~ 3 db point océurs at 14 MHz for virtually any
loading unde} 56 pf, well within the reguirements for the FM :
sﬁectral distribution.

The second channel of the wideband amplifier is used to route
the FM signal to the demodulator circuits during.repording and
péovides a direct comnection (termed “E to E")'betweeﬁ the modulator
and demcdulator processing circuits. The head sﬁitgh dicde bridge
provides sufficient isolation of the read amplifie{vinput circuitry
to avoid damage to the front end during the record mode.

These amplifier sections arefollowed. by a low ﬁass filter to
remove noise .and harmonic distortion products priop;éo limiting and
demodulation. An eqguiterminated transitional (Gauésian to - 6 db)

- sixth order loww pass filter (LPF) was designed with a cut-off
(-3 db) frequency of 10 MHzl3 (see Figure2.40 for normalized

attenuation characteristic). This type of filter combines rela-

tively steep rolloff beyond cutoff with flat delay within the pass-
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band (Figuré 2.41); the maximum delay oqurggwell“;uﬁgﬁiitme pass—
.band at ~ 15 MHz. Thegretical passband ééla&’iﬁ gbgggééui_S nsec--
The filter is driven and loaded by ™~ 6208 (equiterminated for mini-
mum sensitivity to component variations). Gain and delay charac-
teristics of the actual circuit were measured and are shown in

Figure 2.42 . An emitter follower buffers the filtered signal and

drives a coaxial cable leading to the demodulator electronics.

2.4.9 Modulator/Demodulator Electronics Configuration System Overview
Figure 2.43 illustrates the card interconnections for the
video memory functién of the transmit terminal. The medulator sub-
group con;ists of boards 106 A/P, 105 A/P, and 32A, which feed wide-
band FM to the R/W electronics on 57A. The input board (106 A/P) is
a video Pﬁoc AMP that strips synchrénizing information from the
baseband signal, clamps the video signal sync tips to % oV and
adjusts the amplitude to approximately 700 mVpp. Clamping is
necessary to prevent picture luminance level variations from affec-
ting the FM resting frequency, corresponding to video blanking.
This board also has provision for pre-emphasizing the high-freguency
picture content for S/N improvement after FM demodulation. The
next process step is performed in the VIDEQ AMP (105 A/P) ﬁhich
contains a deIay-équalized low-pass filter, gain, and biasing con-
trols to set the ac and dc levels of the pre-emphasized video prior
to modulation. The ac signal level controls peak-to-peak FM devia-

tion and the dc bias point sets the freguency corresponding to
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blanking, which remains fixed, independent of picture content.
Low-pass filtering is necessary to prevent the. production of -extrane-
ous high-frequency sidebands in the modulator. The MOD (21a) con-
tains a voltage—coﬂtrolledﬂoscillator, linear-phase filtering cir-
cuits, an RF buffer amplifier, and channel select relay. Filtering
circuits remove harmonics from the TTL—generated_c%?rier priox fo
power amplification to drive the coaxial. line feeding 57A. The
relay allows‘githerﬂof two R/W amplifiers to be driven by the modu-
lator, a feature necessary only in the receive térmiﬁal (see Figure
2.44 }, since it must have two independent video memories. It
sh;ula be noted that the receive terminal modulator sub-group is
driven directly by the ‘higli~speed D/A converter, so.no signal
clamping is neceésary. The LINE WRITE CTL (136) performs ch;nnel
selection and signal routing functions to allow "reading" one
channel while the other is bging written, line-by-line, into the .
memor& as the encoded picture information arrives at Ehe terminal.

“The demddulation procéss'is neafly identical in each termigal,
consisting of a DEMOD (23A), PROC AMP (106A/D), and VIDEOQ AMP (lOSA):
The DEMOD contains a balanced RF limiter;'frequency doubler, high-
speed one-ghot, baseband LPF, and video preamplifiér. Frequency
doubling is necessary to Lranslate the caréier energy to frequencies)
above the video baseband,'which extends to-approximétely 4 MHz.

The high speed one-shot and LPF¥ act as a pulse-counting dis-

. 15 ‘oo . .
criminator, providing an output veltage proportional to instan-~

tanecus frecquency. Such cireuwits are capable of high linearity
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{(better than 0.1%) with freguency deviations approaching the carrier
frequency - a Pérticular requirement for wideband FM video demodula-
tion. The low-pass filter, which. rejects unwanted carrier from the
demodulated videod, feeds a préamblifier that raises the signal level
to approximately 1 Vpp. Vidéo clamping'(ﬁc restoration) and de-em-~
phasis are performed.on the PROC AMP (106A/D} which feeds the buffer
amplifiers and LPF on éhe VIDEQ AMP (105A). Additional carrier
filtering, performed on 105A, is necessary to reduce the FM carrier
anplitude sﬁfficiently to provide an output Viéeo signal/carriex
* ratio in excess of 60 db.

The receive terminal demcdulator (Figure2.44i operates in a
similar fashion with two exceptions. Because only luminance infor-
mation is written into the memory, the demcdulated signal contains
no synchronizing information. Composite sync (EEBEEE?EE}:‘

1) activates 106A/D's clamp circuits, and, 2) is added to demodulated
video on 105A to produce a standard composite video signéi capable
of driving 2 television monitor. Subsegquent sections will examine
board fuﬂctions, design techniques, and performance specificationé
in greater detail as they relate to transmit and receive terminal

applicaticons.

2.4.10 PROC AMP (106 A/P, 106 A/D)

The processing amplifier card is used, with slight functional
variations, in the transmit modulator and in transmit- and receive

’ demodulator sub-groups (Figures 2.45,2.46,2.47). The input video amp
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Figure 2.47.

Functional Block Diagram for Demod Group.
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is an ac-coupled wideband video amplifier using a high frequency tran-
sistor array (RCA 3046 or 3086) and additional discrete transistors
(see Appendix A2.8 for schematic). After amplification, nominal
video signal 1eve} at TP2 is 8 Vpp . This point feeds two separate
paths: 1) tﬁe sync separator and 2) video clamp and cutput stages.
The sync separator section consists of a passive series resonant
chroma trap, to remove éossible color information from the sync
region, an active clamp to amplify only that portion of the signal
occupied by sync, and twin composite and vertical sync separators.
A 5 volt TTL compatible sync-pulse train (TP4} is fed directly to
the compsync separator, a fast compa;ator‘(%§M319). ;The same signal,
after low-pass filtering to rejct all but the vertical sync region,
feeds the other comparator in the chip. Power for the sync sepa-
rator circuits, comparator and comparator reference 'threshold cir-
cuits is derived from a separate +5v regulated supply, t¢ insure
stable.operation for varying analog supply bus voltages (+ 15v nomi-
nal), and to isolate the-bus from switching glitches.l TTI, compatible
outputg are provided for external use and élso key a 1.2 psec one-
shot (clamp keyer) which is‘fed, after amplification, to a phasé-
splitting transformer, providing simultaneous pulses of opposite
polarity and equal amplitude. These pulses are used to turn on
diodes (2-1N916) in the clamp bridge for the 1.2 usec clamping
interval. The clamp reference voltage is buffered from a resis-

tive divider also connected to the +5V reg power bus.
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Figure 2.48shows the 1.2 usec clamp action on the horizontal
sync pulse.

Vidgo from TP2 is:ac;couéled to the‘pre— or de-emphasis net-
work (éuffix on board number P,D indicates which option is in use),
loaded by a resistive attenuator to set the peak-to-peak output
level. &An emitter follower bupffers this signal ‘to the clamp capa-
citor - which is connected to the bridge output. -Signal is extracted
from the claﬁp via a second follower with a TILT adjustment poten—
tiometer to compensate for finite base currents and leakage. Typical.

specifications follow in Table 2.9.

Figure 2.48 Clamp Artifact

2.4.11 VIDEO AMP (105A)

211 105 video amplifier caxrds conéist of an input wideband
video buffer amp, a 750 equiterminated delay-equalized LPF, and an

identical output buffer (Figures 2.45,2.46,2.47). Each buffer amp
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TABLE 2.9

106A PROC AMP PERFORMANCE DATA

Input impedance

Input signal level (ac)
Input dc level

Output signal tevel (ac)
Output signal level (dc)
Frequency response

Max. Diff Gain @ 3.58 MHz
Max Diff Phase @ 3.58 MHz
Hum -Rejection

Tilt'@ 60-Hz

Mg rating (26

Power Supply Rejection

L}nearity (stairstep)

Pre/De-emphasis

Sync separator:
outputs

video S/N for error -

free sync (minimum)

752 + 5% or bridging > 5Ka
0.5 -~ 2.0 Vpp compos}te video
< :_]0 vDC

700 mVpp {nominal)

-0.5 to +4.5_Uac_(0V nominal)

dc to 4.2 MHz + .2 db

* 1.5% (any APL)

2°  {any APL)
> 30 db"

< 1%

< 1%,

< 1% change ‘in any parameter
for + 13 to + 17 VDC

analog supply- bus variation
< f%
0.5 usec, 6 db @ 4.2 MHz

composite sync {(ECOMPSYNC)}.

vertical sync (EVERTSYNC)

25 db
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(see Appendix ‘A2z8:£or“§chémgticl has-an open circuit voltage-dgip;
of &~ 3 which i flat + .1 db. to 5 MHz. .-"A small trimmer capacitor
{7-25 pf) at the inéerting input allows adjustment of the compen-
sated feedback attenuator.

The video LPF is delay-equalized to preserve transient response
while retaining flat péssband and éteep skirt rolloff characteristicg.
Magnitude and delay transfer functions, measured on an HP3570A net-
work analyzer, are shown in Figure‘2-4é . Delay variation over the
video passbandcig less than '8%, adequate to insure &-"K" factor
ratz:_ng16 of apbroximately 0.5% for -either pulse or bar test wave-~
forms. -

Amplifier gains more than compensate for the fixed 6 db inser-

tion loss of the equitermiﬁated,filter. A variablg attenuvator on
" the input of the second buffer amplifier allows overall voltage 1

géins frpmdo to 2.25 to_be realized When'ériving a 75¢ load; the

nominal'géinris-m 1.4 to raise-the 700 wmVpp PROC AMP signal to 1.0

Vpp. Overall board specifications appear in Table 2.10.

2.4.12 VIDEQ aMp (105 A/P)

This*version-of-lOS, fouéd in the ‘transmit and receive
" terminal modulator subgroups (Figures?2.45 and 2.46{ differs from
leA'in that the output bﬁffer‘amplifier has a &ariable dc offset
{(+3 to +6 &) which allows biasing the VCO on the MOD board (21a).
By adjusting the clamp reference on 106 A/P for blanking at OV at

TP3 on 105 A/P, the dc biasing sets the FM fregquency corresponding
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TABLE 2.10

105A VIDEQ AMP PERFORMANCE DATA

Input Impedance 758 + 5% or bridging > 5KQ -
Input signal level 700 mVpp composite video
(nominal)

Input dc leve] (nominal) blanking @ OVDC

Output Impedance 758 + 5%

No. of independent

filtered outputs 4

Output Blanking level ovpc (105A, 105A/D)

n b5 VDC (105 A/P)
Qutput signal level 1 Vpp composite video (IOSA,IOBA/d)
0.8 Vpp composite video (105 A/P)
Frequency response dc to 4.2 MHz + 0.3 db
Max. Diff Gain @ 3.58 MHz < 0.5% (any APL)
Max. Diff Phase ©3.58.Mhz  1° (any APL)

Totgl Delay @ 3.58 MHz 340-355 nsec

Hum Rejection 0 db

Tilt' @ 60 Hz : < 1%

JK“ rating(lﬁ) 0.5% Pulse
1.0% Bar

Linearity (stairstep) . < 0.5%

. Stopband. rejection (>6MHz) 25 db or better
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to blanking' independent of video level. Thus the bias control
becomes ¥M CENTER FREQ and the gain control FM DEVIATION with no

mutual interaction. These features are desirable for ease of initial

alignment and routine waintenance.

2.4.13 VIDEO AMP (105 a/D)
. The receive terminal uses this vériation of 1053 in the
reconstruction of composite video. Composite sync (GCOMPSYNC) aftexr
attenuati;n is added to demcdulated disc wvideo in the final buffer
‘amp {Figure 2.47) to produce a standard composite video oﬁtput. The
schematic 1f 105 (see Appendix A2.8 ) shows all of the aforementioned

circuit configurations.

2.4.14 MOD (21a)

The video input to the VCO (2MC4024P), an .emittexr-coupled
multivibratoxr is dc-biased to yield'optimum luminance linearity with
sync tips at v 4.0V and a peak-to-peak amplitude of approximately
800 mV. These values produce an output blanking freguency of -approxi-
mately 12 MHz with peak luminance deviations of 2 MHz. Sync occup%es
the lower frequencies and luminance the upper regions (see Figure
2.50). The signal passes through a high speed divider (%2,%745112)
to suppress even order harmonic; due to deviations from a 50% duty
cycle in the VCO output waveform.l7 The spectrum at TP4 (Figure 2.51)
now contains the desired fundamental and chiefly odd order harmonics
as deéired. The signal is buffered through a diode clippiné circuit

and emitter foliower which removes frequency dependent- amplitude
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Figure 2,350 VCO Output Spectrum (TP2)
(Full-field video Ramp Input)

Figure 2-51 DpDivided VCO Spectrum {(TP4)
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variations and overshoot due to the extremely fast transition times
(v 3-4 nsec) in the flip-flop cutput. Bqth cE}és are p;wered by the
+5V regulated supply on the PROC BAMP (106 A/P). The procedure avoids
spectral contamination of the VCO due to unavoidable glitches riding
the +5V TTL power bus. An override low true VCO INHIBIT line is
tied to the preset input of the divider flip-flop, used to remove
the drive signal to the record electronics during the playback cycle.
Filtering of the FM spectrum prior to output buffering is

accomplished with an eqguiterminated (6208l) & pole iinear—phase LPF
with .05° equiripple departures from phase linearity to 1.8 times
the cutoff frequency of 10 MH% (-3 db).18 Figure 2.52shows the
%heoretical magnitude response and Figure 2,53 the group delay.

An attenuator on the filter output sets the input drive level to

the wideband RF buffer amp, which ultimaéel; feeds ££e,write
amplifier on 57A. The buffer, similar in design to all video amps
used in the system has provisions for response flatness adjustment
{(trimmer cap) and 2nd harmonic distortion minimization {bias pot).

A test jumper is included to allow ease of initial settings of these
adjustments. (Complete board alignment procedures and schematics
are shown in Appendix A2.8 ).
2.4.15DEMOD (23A}

The demodulatof board receives an unbalanced coaxial input

signal which passes via a wideband RF transformer to a balanced
limiter (MClBSéP). A potentiometer, LIMITER SYMMETRY ADJ, compen-—

sates for dc imbalance and nulls the even-order harmonics prior to
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demodulation. The limited signal is fed via second wideband trans-
former to a frequency doubler consisting of dual hi-speed comparators,
a pulse forming (differentiating) network, pulse adder, and compara-
tor. All comparators operate from separate on-card regulated +5 VDC
supplies to avoid spectral contamination and provide analog supply
bus isolation. The resulting output signal triggers a 10 nsec one-~
shot, which yields a fixed pulse width whose duty cycle varies with
instantaneous frequency. At this point FM demodulation otcurs (see
Figure 2.54). Note the demodulated vidéo'baseband.spectrum
and the doubled carxier energy lying above it. This signal is
buffered to a sharp cutoff 7-pole Cauer-~Chebyshev LPF.lg_ The design
parameters for this filter are listed in Table 2.11. Measured magni-
tude and delay response of the realized filter (HP3570A Network

Analyzer} are shown in Figures 2.55and 2.56 respectively. Slight

Figure 2.54 One-Shot Output Spectrum
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TABLE 2.11
Paséband Ripple 7 .01 db
Passband - dc ~ 4.3 MH:
Stopband Rejection 50.11 db
Stopband ‘ 5.61 Mhz ~
Refleefion Coeff 5%
Drive Impedance 270.18¢
Load impedance o

Figure 2-57. Demodulator Output Spectrum {TP9)
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variations from design specifications are due to finite achievable
tolerances- (v 1-2%) on components, finite inductor "Q's" (v 50).,
inductor distributive capacitances, and small additional stray
capacitances. “Fiéﬁre 2.57 -shows tﬁe demedulator board cutput
spectrum; note the suépression of the carrier spec?rum after low-pass

filtering. Circuitry is shown in Appendix A2.8 .

2.4.16 « E-E Mod/Demcd Performance

The MOD (21A) output was coupled via a 20db 502 pad to the
DEMOD (23} inpu#i_a linear ramp (1 Vpp @ 75Q) was used to genekate
all 'spectra shown for 21A and 23A. C;mparison of input and cutput
waveforms of the entire group can be seen below in Figures 2,.58,2.59.

Slight glitches on the horizontal sync tips are due to the action of

Figure 2.58 ] "~ pigure 2.59

Input Ramp Output Ramp
) 10 usec/div
1 vpp @ 758
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the keyed-clamps in both PROC aMPS (106 A/P, 106 A/D). The output
spectrum (Figu;e-é_eo) is completely free of residual FM. carrier -

due to the final LPF on the VIDEQ AMP (105A).

Baseband video frequency response is illustrated with a reduced
amplitude multiburst test waveform; Figure é.6l is the 1 Vpé
inppnt to the modulator subgroup and Figure 2.62 is the resulting
video output from 105 A/D. Slight burst rolloff (v 1 db) at 4.2 MHz
is primarily due to the action of the DEMOD (23A) LPF. The slow
envelope build-up of the high frequency bursts is again due to:
1)‘b§nd limiting action of all LPF'B.in the system and, 2} non—uﬁi—
form group delay of the DEMOD (23A) LPF (see Figure 2.56). The
iatter'éffect is more clearly discern;ble when a transient response
test is made; a sin2 pulse and bar test waveforﬁ is generally used

4

(Figure 2.63 ). The output is shown in Figure 2.64,

+
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Four features of the test waveform (Figure 2,64 -) should-be
noted: 1) the color burst reference following horizontal sync,

2) a 12.5T 3.58 MHz modulated‘sin2 pulse, 3) a 2T.sin2 pulse, ‘and
finall?, 4) the bar. The lift-off of the 12.5T pulse is due to ‘
two factor; - the reduction of chrominance gain at 3.58 MHz as—noted
in the multiburst test and unequai chrominance - luminance delay.
Both impairménts are primarily a result of the DEMOD (23A) LPF.

:

The ‘overshoots and oscillations of the 2T pulse and-bar waveforms

are due-to thé same filter imperfections.

2.4.17 Conclusions and Recommendations for Improvement

The chief departures from studioc quality video reproduc-
< .

tion in the mod/demod group are due to the non-uniform group delay
i .

chérécteri;tic (Figure 2.56 )} of the DEMOD (234) Cauer-Chebyshev LPPF.
é series all—pass equalizer cascade, suitaﬁly,matched to the filter,
could ;educe the variatiOn to les; than 5% across the video pass-"
ﬁand, which would be adequate to correct these deficiencies. It
éhould.be poinfed_out, however, that the K-factor for the existing
system is approximately 2% and is visually adequaée for all but the

most stringent applications; these picture impairments are usually

‘dnly discernable to trained cbservers.

2.4.18 Disc Playback Performance

Distribution of spectral energy was optimized to provide

%
H

the best possible picture viewing quality. The criteria chosen

in order of relative importance were:
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1) Signal-to-wldeband noise ratio (maximize)
2} Harmonic distortion (minimize)
3) Carrier Feedthrough (minimize)

4) Transient Response ("K" rating - minimize)

n cate *

5} Frequeﬁcy Response (flatfest)

6} Luminance linearity (maximize)

The final Aistr%bution was experimentally deté?mined; the
chosen parameters were:

1) Blanking‘(O IRE) at 5.3 MHz.

2) Peak White (100 IRE) at 7.1tMHz.

3) Pre~emphasis: 0.15 puse¢, 6 db @ 4,2 MH=z.

Figures 2.65,2.66,2.67 illustrate the following playback
signals: 1) ramp, 2) maltiburst, and 3) sin2 pulse and bar. Measure-

ments were made with a video head flying at a radius of approxi-

PN .

mately 2.25", ﬁhich exhibits worst caéé disc frequency response
{i.e., it is the innermost track bg design) .

Non-linearity is evidenced by close inspection of the ramp
waveform; thi;xéﬁfgct is not discernable in‘-any picturg material.
A peak of 1 -~ k.5 db around 3 MHz can be noted in the multiburst
but, again the visual effect cannot be‘perceived easily. The sin2
pulse and'bar measurement indicates a “K" rating of 2% for the pulse
and 4% for the ba;, Ringinéfaésociated with the bar would be

noticable as fringes around high-contrast picture transitions but
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Figure 2,67 Sin2 Pulse and Bar
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the relatively high ringing fregquency causes these oscillations to be
barely visible.

Playback signal-to-noise ratio is 40 db + 1 db unweighted, or
47 db + 1 db weighted.* Further increases in FM deviation, which
would directly increase the S/N, cause objectionable moire effects

and luminance non-linearity.

2.4.19 Conclusions and Recommendations

It can be seen that the readback signal is a degraded ver-
sion of E-to-E performance, as must be the c;se with FM‘video repro-
duction from tape or disc. Additional improvements could be made in
the read ;mp circuitry to equalize head signal amplitude and group
delay which would largely correct the dinear distortions present
(aperture corrector). Recently acquired network analyzers would
allow this to be done, but present visual gquality is more than
adeguate for the design objectives. Improvements in S§/N would
require careful additicnal analysis of the head-switch interface
and read amp for optimum match to the video heads for lowest pos-
sible ﬁoise figure and/or a higher coercivity madgnetic coating for
the video disc. Neither of these alternatives is recommended for

system use with industrial grade monochrome cameras since S/N out

%* -

Weighting takes into account the frequency dependent perception of
noise on the television monitor; a network is used to create the
weighted noise spectrum. (See EIA RS-250A, p. 16 for the schematic
diagram of the random noise weighting netw0rk)
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of the vidicon preamp is on the order of 42-46 db in normal ambient
lighting conditions.

In summary, an electronic sfséem was deéigned to allow storage
and recovery of monochyrome video on a compact, 6.5 multitrack video
disc. The performahce hés been shown t;‘be viéually accéptablg. The
next section cpve?s deveidpment of‘a data system which allows tﬁe

absolute location of video information to be determined despite

mechanical disc jitter.
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2.5 Data Group

'2.5.1 Introduction. The timebase of Fhe stored video at both
* transmit and receive terminals is not stable, but rather varies in
proportion to instantaneous disc/head speed fluctuations. These
perturbations are very small {(v100-200 nsec peak/revolution) fdr
any giveﬁ location on the video disc. In order to generate the low
‘frequency reduced bandwidth video signal from the.stored picture at
the transmit terminal, lines from disc video must be time sampled
and temporarily stored for reclocking at a lower sample rate. Like-
wise the receive terminal must locate inconming piqturé sample points
prec%sely‘on its video disc, independent of disc speed flucﬁuations.
Clearly, the resoiutioﬁ in each case must exceed one sample point to
avoid blurring and geometric distortions in the final image. -

A manner¥ in which this may be aécomplished is éo write (at tﬂe
tr;nsmit terminal) a data channel on separate parailel disc tracks
simultaneously with each new picture stored for transmission. The
data read chk from these-channels must contain all informat_ion
necessary to sa@ple the entire stored video frame uniformly, without
being gffected by:disc speed variation. Similarly, the receive disc
would contain permanently recorded data tracks which function in the
same fashion--locating gll line addresses and picture elements
{pixels) within each line~-so that sampled vi@eo values are always
placed in registration on the disc.

How might such a data'track be encoded? A suipable method for

locating the beginning of each line would involve detection and
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counting of the horizontal sync pulses preceeding.each active line..
In addition, a high frequency_clock'should be available to locate
sample; within the line. Ideally both of these digital s;gnéls
would bevdgriVed from the same data stream. If this is to be the
case, the generation of master‘sync (which contains tﬁe horizontal
sync pulses needed fér line number identification) must be éynchro-
nous with tﬁe high frequency pixel sample clock n%eﬂed to time sam-
ple the:videb. The integrated circuit used to. generate master sync
uses an input clock reféren;e frequency of 2.04545 MHz. The lowest
multiple of this frequency satigfying the Nyqﬁist rate is 10.227 Miz,
the fifth harmonic. Thus the goa}s of" the data,system reduce to:

. regenerate a high frequency sample cl;ck__(fs). of

10.227 MHz from disc.

. regenerate a composite sync stream synchrorous with
; ;

£ .
s

2:5.2 Methods of Encoding Digital Data. A ‘wide variety of

encoding -formats exist for transmission ané/ér storage of digital
&ata.’ In addition to'disc bandwidth and noise power there are other
paraﬁeters to be considered in choosing a correct codiné‘scheme
(modulation). Reviewing the pros and cons of the various modulation
schemes yields the best group of charaéteri§£ics for a specific

application. A useful listing of such characteristics is:

. PC Component -~ By eliminating all bC from the power

spectrum the system may be AC coupled.
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. Self Clocking“—‘Some codes have inherent sélf-clocking

clock signal to recover the transmitted data.

. Exror Detection - Provides the means of detecting data

errors and may allow error correction.

"+ Bandwidth Compression - Some codes increase efficiency of

transmission by ‘allowing, for a fixed information rate, a
decreased bandwidth thus transmitting more information pex
unit bandwidth.

'The various code groups méy bé classified as follows:

+* ' Non-return-to-zero (NRZ)
. Return-to-zero (RZ)
. Phase Encoded (PE)

. Multi-levél binary (MLB)
Some of the most popular codes are illustratéd inhFigurgvz.éS. of
the four basic- classes, the PE codes exhibit -the most—desirable mix
of featqres%fo; digital madngtic redprdinghl The& aré,inherently
gself-clocking, can elimiqate any DC component, allow bandwidth com-

pression, and provide, in addition, limited error detection

capabilities. . ,
L4
The particular code chosen for data recording on the magnetic
disc is known as Bi-¢-M which conforms to the.following encoding,
éules:‘

1) a transition must occur at the borders of every data cell
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2) a "1™ data state will prodﬁée a transition in the
middle of a cell
3) a‘“O“ data state will not produce a transition in the
middle-of 'a cell.
The. data to be encoded consists of realtime composite sync (see
Master Sync/Timing Group) coming from the sync chip. A synchronous
data cell clock must be chosen to allow recovery of fS frém the
data stream. Frequency response limitations of the. disc/head
transfer function and the Bi-¢$-M code spectral distribution dictated
a cell clock of 4.0909 MHz (twice master clock frequency). The self-

clocking property of the code allows recovery of this frequency ‘from

the data stream in order to generate £

2.5.3 Daté System Configurafion. The data group consists of
four major subsystems-which are: '

- Digital -Fead/Write Amplifier

. Eﬁcoder/Decoder

. Clock-Recovery PLL -

. Composite Sync Decoder
The digital R/W board accepts a digitally encoded data stream and
directly interfaces to the video heads. The encodgr/decoder board
translates the inéoming data into Bi-¢-M during recording and decodes
* the data stream during reproduction. The‘cléck4recovery PLL accéepts

the incoming data stream from disc and generates the clock required

to decode the data. Finally, the composite sync decoder regenerhtes
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the same group of sync signals as the master sync system directly

from recovered composite sync. All these signals are, however,

T

locked to the disc timebase during-playback.
Figure 2.69 shows the - card interconnect diagram for the data

group. Table 2.12 lists the various cards employed. A brief rev%ew

A

Table 2.12 DATA GROUP CIRCUIT BOARDS

91a Digital R/W Board

92A Encoder/Decoder .
a3a Clock~Recovery PLL

1123 | bsync I Proc
114a Dsync II Proc

of board functions and design features now follows.

2.5.4 Digital R/W (91a). This board is a basic modification

of the video R/W board (573), parti;ularly in the réproduce amp
section. Figure 2.50 shows a functional block diagram of the boar&.
The disc playﬁack signal is a differentiated version of that which

is recg;ded. To restore the original signal, the preamplified head
signal is low passed, differentiated, low-passed again and fed-to a
high;séeed comparitor. The low-pass filters are classical flat
delay filters which serve to isolate subsystems in each direction of
signal flow., A line driver buffers the TTL data stream to the
Bi-¢-M decoder board during playback. See Figure 2.71 for functional

L

placement within entire data system.
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2.5.5 Encoder/Decoder (92&Y-. This board (Figure 2.71) containg
thrée subsystems;lan encoder, a'dataaseleétorf and a decoder. Tﬁe
encoder reguires-the.QaEa (MCQMPSYNC):andﬂgn-enche clock (8.1Slé‘MHz)
and éroduces the,Bi—¢—ﬁ~bit stream with é ceil_clogk of 4.0909 MHz.
The data selector allows the decoder section to be fed either from
disc or directly from the encoder. This allows fof a) self-testing
of the hoard and b) preservation of data output integrity during
track-switching of the wvideo disc. The‘decoder yields the output
data stream, a recovered master clock (DCLK) at 2.04545 MHz, and a
recovery error line. fhis last feature relies upon the coding rules
and produces a low output if these rules are violated, and is partic-
ularly useful in disc/head alignment procedures. Further subsystéms
monitor the output .and automatically rewrite the data track (in the

casé of the receive terminal) should even a -single cell .error occur.

2.5.6 ‘Data Recovery PLL (93a). This board processes the disc

data stream and detects the individual cell boundaries. Edge in-
formation is fed to a PLL which generatés the required 8.18 MHz
clock to decodé the Bi-~$~-M data. Track-hold logic is embodied to
keep the loop near lock during disc track switching seo thét rapid
agquisition occurs once the signal is again available. A phase bias
control allowé adjustment of clock edge time relative-to the .data
stream to eliminate possible errors induced by jitter in either clock

or data signals.
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2.5.7 D Sync I (1123). The disc clock (DCLK) and data

{(bCOMPSYNC) signals decédédﬂby (92n) are procésged‘by this boa¥rd.
An input data selecto; allows either crystal-referenced clock (MCKi
and sync (MCOMPSYNC) or disc referenced sggnals to be, processed.

Two functioﬁs are performed: ‘l) Vertiéal interval and field identi-~
fication aﬁd 2) readback error processing and automatic re-writing
of the daéa track. Ehe clock and data signals are bgffered off

+ ¥ .

(1122) to (114a) and are respectively called (GMCK) and (GCOMPSYNC).

[ )

2.5.8 D Sync II (114a). . All horizonal {lire-related) timing

signals are generated on this board. The input (GMCK) is processed
by digital counters and combinational 1ldégic in conjunction with
(GCOMPSYNC) to produce. horizonal drive (GHORDRIVE), Jblanking
(GHORBLANK), and burst -gate (GBURSTGATE). These signals, together
with (GCOMPSYNC), are retimed with (GMCK) in a‘quad'“D“ register to

insure that all transitions aré'synchroﬁous with the pixel clock

»
i

reference.
211 schematics, timing diagrams, and adjustment procedures are

exhibited in Appendix AZ2.9.

2.5.9 Conclusions. A solution to the line and:picture element
location problem was prgposed and verified by désign; An entire set
of real-time gync signals are produced by the Data Group electronics
which are locked to the video disc timebase. These signalé enable
the Timebase Expander Group (TBE)-and Timebase Compressor Eroup {TBC)
to operate on disc—video as if it had a stable timebase. The TBE/

TBC Groups will be explored in the next section.
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2.6 TBE/TBC Group

2.6.1 Introduction

These systems enable the stored video information to be trans-

ﬁitted ;ver a narrowb;nd‘channel and reconstructed for real-time
displaﬁ. The timebase exgander {TBE) éerforms bandwidth
comp¥ession'at the transmit terminal and the timebase coﬁpressor,
(TBci reverses the operation at £he receiverl This section shall
develop the fundamental con;epts, theoretical and practical con-
straints and functional bloék diagrams of each system. A descrip-
tion oé system operétion and specifications éill follow. Detailed
cardinte?connectgon diagramg will be introduced, but nc attempt

{
~

will be made to cover every aspect of system control and data

handling. This information will be available in the near future

as part of a complete VFRTV operating manual.

2.6.2 Fundamental Concepts

?he TBE/TBC groups are -essentially data handling systems

that slowly transfer blocks of data from one mass memory to another
over a suitable transmission channel. - For reasons-examined earlier,
the mass memories are video magnetic discs; a television frame re-
corded upon these discs is repeated continuously in real-time on the
viewer's monitor. This "snapshot” is a direct recoxrding of the out-
put of any convenﬁional video souxce such as a camera, VTR, etc.
Each television line can be considered a discrete block of data.

The visible or "active" portion of this line is a continuous analog
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signal of'approximately 50 #sec duration. The total picture is com—
posed of about 500 of these horizont%l lines sequentially‘scanned
across the face of the television monitor. More exactly, each frame
consists of two consecutive scans or fields consisting of exactly one
half of the total number of horizontal lines. The scans are arranged
to allow the alternate sets of lines to fall between each other; this
technique is termed "interlacing" and is necessary to eliminate
visual flicker apd jerkiness during motion segquences. A gﬁored frame
repeats every 1/30 second; the video disc can thus be thought of asg
a large shift register file circulating every 1/30‘second.

The register contains in analog form about-SOQ, 50_uséc data
records which are identified by their sequence in the register. It
is these records which must be bandwidth‘compres;ed, transmiéted,-
and restored to real-time to be entered in a similar "régister" at
the receive site. To accomplish the required timebase chagge, the
analqg record must be time sampled. These samples are ﬁheé_used
to create a corresponding low frequency signal for transmission.
The sampling process, together with intermediate short-term storage
is done by the digital processor. in the TBE. A discussion of the

sampling process now follows.

2.6.3 Discrete Time Sampling
The choice of sampling-frequency,qfs, is dependent upon satis-

factory signal recovery and realizable filter technologies. The

upper baseband frequency réquired for television is approximately
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4 MHz. Suitable bandlimiting filters can assure that spectral energy
prps~rapidiy.beyogd éhis frequency (> 50 db dowm @ S“MHle‘ Con~
sideration must be given to realizability of ban@limiting (anti-
aliasing) and rgcoﬁstfuctiop filters; that is to say, the sampling
freguency must bé‘sﬁfficiently high té accommodate Fhe tranéitiog
regions of the video filters. A freqnency-of i0.2 MHz was chosen
for tﬁe sample rate; ﬁhis allows reconstitution éf‘a 4-MHz baseband
signal without aliasing errors: ‘ : B s
a bloék diagram.(Fié..2.72) i}lustrates the format for'signél
timebase alteration employing digcrete tiﬁe sampliné. Low pass
filter #1 bandlimit; the input signal to Gell ?elo& the Nyquist
iimit prior to saméli&g at fs' h‘fixed fecord leng?h of N samples
is stéred in analog shifﬁ regist%r memory. A reconstruction clock
resamples the memory aﬁ a faster:(or slower) rate feeding low pass
filter #2 which reéeneraﬁes the %naiog signal at-thé new timebase.
Bandwidth compression or expansion is directly’pfop;rtional.to theﬁ
ratié'of fs and fR. In the case of;timebase expéysion (bandwidth
compressionf the mass memory supp%iés upon demand N--sample records

of the real-time signal at suitable intervals to construct the low

freqﬁency version (see Figure 2.73%).

Sampled .
3?% < R N

-

) P
- L
. N\ - \ \ Y
Reconstructed Z \ N \ - ‘ ( .

at fR

. t‘

Figure 2.73. 'signal Timebase Expansion
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The timebase alteration procedure de:

" s

possible embodiment of the concept. Unfortunately, analog memories

suffer from deficiencies due to limitation of charge transfer device

_ '
L] .t >

technologieg. -fhese problems Qere encountered anﬁ anal&zed during
evaluation of a 512 samplé analég memory constructed from 8 chips
of 64 samﬁles each, multiplexed with an 8 phase clock-to achieve
the 1o.é Miiz high spe;d ;ampling rate. It was!féund tﬁét each
device tended to impose a charactexistic amplitude variation due to
charge sitecm?acitanﬂevariétiona. The éegree of variation exceeded
10% in s;me:caseé rendering the sgst;m unsuita£le‘for high SHR
applications. _An additional limitin; factor encountered-involved
the low fregquency shift rate - these devices cannot operate at an
arbitrarily low sample raté due to charge leakage. This ch@r;c—
teristic is fﬁrther aggravated by high temperat;res which may be

encountered in real systems. This constrains the bandwidth com-—

pression factor, which is undesirahle.

2.6.4 Digital Timebase Alteration

After examination of the difficulties encountered in an all
analog processing scheme, it Waé concluded that a digital system
would be required for temporary std;age of signal samples. Since
the samples must be represented by a finite number of levels
{quantized), a further complication is introduced.

Conceptuafly, discfeté time sampIEs‘and quanfized amplitude

are not the same. Quantization describes the process of assigning
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T8

to a range of voltages s & gle~va1ue,‘whereas discrete implies
l 'a 3
a-d

that only certain valu%sqgcrcthe COntlnuous time variable are.
+ Phoaniie? e
143 -‘“‘\."1"”.::2
utlllzed changes in fhetanalog gignal between sampling 1nstants

are ignored. If thlsyélghal is bandllmlted relative to the sampling
4 by

rate {(Nygquist rate), £he sampled analog values contain 1nformatlon

identical tc the continuous signa} - no information is lost. Time

sampling can be a lossless process, bﬁt amplitude quantization always

destroys information. ' ‘

Digital word 1engthiaictates the overall guality of reproduc-
tion in terms of .signal-to-quantization error ratio. If quanti-
zation error is réndom from samble to sample, (which is a valid
assumption for highélevgl complex input Siénals such as video
having essentially independent and uncqrrelated qpantiiation errors)
the quantization noisé'can be modeled as white additive noise. The

i}

resulting SNR is expressed by the well known formila:,

SNR{(db) = 6.02n + 1.76 2.18

i
where n = no. of bits/word.

An eight bit word was selected for the digital prcEessor providing

a theoretical upper limit of ~ 50 db SNR Whiéh is sufficient to

be masked by wvideo disc playback noise. Compac% A/D
converters can be had in the $500-$1000 price range which operate

at the reguired 10.2 MHz sampling freguency. Figure 2.74 illustrates
the configuration employed and the functional placement éf a/D,

memory, and D/A systems. . )
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2.6.5 Digital TBE/TBC Operation

Figure 2.75illustrates the most basic functional block diagraﬁ
of the digital TBE. A single video frame, stq;ed:on disc, is avaii-
able to the pProcessor ip real-time form. Suitabié~para11e1 sync
information, recorded:on an .additional disc Frack i; utilized to

control high frequency sampling and locate individual lines in each

recorded field of the picture to be time-basé_expanded. The TBE‘

is configureé for an expansion(gompression ratio of 300; a convenient
record lengﬁh used is 512 samples per line which allows virtually
complete conversion of an active line at £he reqpired 10.2 MHz sample
rate. To allow for sufficient time to expand thé:signal in temporary
gtorage, two lines are loaded into memory #1 directly from éhe disc.

This memory immediately transfers its contents to memory #2 proviaed

'

the second memory is empty. Memoxry 2 is-reclocked. at the much lower
sampling rate fR. Meanwhile memory #l is-aéailéble for loading the
next line pair from disc. This interleaving procedure is necessary
to 1) allow continuocus reconstructiog at thé low fregquency clock.
rate, and 2) péovide sufficient time to locate ‘the next 2 lines on
the disc. Note that only active video informaéion is passed through
the system. All low freguency synghronizing signals are generatéd
in the TBE control logic and added to the ;ﬁtpﬁt Vaveform prior to
filtering. The resulting expanded wvideo si;nal after low-pass

v

filtering is a virtually exact duplicate. of the normal real-time

-

counferbart except for the timebase change.
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An inband burst (see Figure 2.76 ) is also added to the expanded

video signal on the back porch of . horizontal sync to provide a refe-

rence frequency for the TBC at the receive terminal to resample the

incoming videc for timebase compression. The TBC (see Figure 2,77)

Active
Line

Complete
. Line

Figure 2.76. Low Frequency Video Line Showing Burst

extracts sync ;pd ﬁR from this sigﬁél and.uses this information to
essentially invert the expansion operagion performed at the trans-
mitter. Information is written on disc 2 iings at a time. Line
location and pixel location are controlied by a data track which is
permanently written on the receive .disc. Thus, the high-frequency
resampling clock fs is constructed from mégnetic information on the
digc itself, avoiding the problems -encountered due to minor fluctua-
tions .in disc speed. A detailed description of the system employed

is given in the Data Group Section.

2.6.6 TBE System Configuration

* The card interconnect block diagram (see Figure 2.78) shows

the individual card functions utilized in the TBE and all associated
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internal control and data busses as well as I/0 ports. A list of

board names and numbers appears below. .in Table 2.13 .-

Board No.
115
120

121
122
123
124
125
126
127
128

137

TABLE . 2.13

Timebase Expander Circuit Boards

Name
10.2 MHz PLL.
Buffer/clamp

bisc Address Counter
Shift Register

RAM

RAM Control

LF Video Address Counter
LF Syne. Processor

LF Master Clock {LFMCK)
D/A and Deglitch

High Speed A/D

The low frequency composite video transmitted between terminals is

generated on board (128} by combining expanded.picture information,

line by line, with a composite sync signal. This composite signal

contains syne, blanking, and burst in the same relative proportions

as real-time composite sync. These components of the signal serve

to provide the necessary information for the receive terminal to

assign line and picture element locations .on its video disc memory.

This LF compsync signal is processed bﬁ boards (125) and (126) to
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produce the additional control signals for TBE operation, It should
be noted that system control is entirely executed by the internal low
frequency signals.

Board (125) enables. data’ transfer to the -output during the active
‘line time of low frequency sync. This.tragsfer is timed using the
low fregquency reconstruction'clock, fR, and LF synec to identify the
required line paif to be accessed from the disc. The requirgd line
numbers are transférred to the Disc Addréss Counter (121) wvia the
low frequency video address bus. The method of accessing the line
memories #1 and #2 will be developed next.

Two types of memory are used in the expander. Each-is con-
figqured as a 1¥x8 shift register. Memory #1 is ﬁénstructed'of’high
speed MOS dynamic shift register integrated circuits which read
data-at the video sampling rate (fs = 10.2 MHz) and transfer .to
memory #2 at 1.02 MHz. This second memory is built of static RAM
whose "address space is controlled to allow emulation of a shift
register. The RAM control board (124) loads two lines from the
shift register {(122) only during a LF horizontal blanking period.
Thése two 'different technologies were required at the time when this
portion of the system was designed du; to the high. cost of fast
-static-RAM. Present availability of such technolégf dictates that
both memories could be combined into a single larger RAM- which would
enable reduction in physical circuit complexity and the necessity

of memory transfer. The recommended embodiment would be alternate
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parallel access to two identical RAM's. BAddress space would be
divided equally for memories #1 and .#2. -

The nature of transfer from disc to LF video can be understocod
by consideration of the following basic premise. The disc address
counter on board (121) holds the mumber identifying the current video
lines which are available at the expander's high—séeed A/D converter
output data bus. A line address comparator enables transfer of this
picture data’only for the reguested Line.pair generated by the low
frequency address bus. Transfer timing constraints take-into account
worse case access times for any given line pair neeéed from disc.
This process is shown in abbreviated form in Figure 2.79. It should
be noted that once the S.R. ﬁas been loaded, it will continuously
circulate until the RAM is .empty (thekp{eceeding linés have been
clocked out at fR) and RAM contr?I takes over for the intermediate
transfer.

" Only a subset of the entire video frame is actually transmitted.

" Some initial lines bearing no picture information can be ignored.
Similarly the amount of each line to be expanded is somewhat less
than the entire active portion to allow for a more simple digital
system architecture. In eac-:h case, incremental counters termed

delta (A) counters, provide digitally controlled delays to accom-
plish this. These serve to locate the sampled picture information

in the aéproximate center of the visual field (see Figure 2.80).

Tﬂe amount of reduction experienced does not significantly effect

picture content.



A/D
pata Bus

— Stored Picture

~ P

:> Data '_"‘ 3 1Xx8 : To
1 . 4
A/D 8 Select 8 S.R. e 8 RAM

'Stored Data . B

/
- £g CONTROL LOGIC i
4

29T

- Data |} Addr, Requested
) Deccde ECompare a Line Pair

e

video Disc . zzzc Li ;aldeo
Serial Mass Memory I. dr .
Bus Bus

i

Figure 2.79 Block Diag:ram of Video Transfer from Disc to Shift Register Memory.
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Figure 2.80. Picture Sampling Format

2.6.7 TBC System Configuration

The TBC system serves to reverse the process effected on

picture samples and utilizes much of the physical circuitry deWe-

loped for the TBE. Table 2,14 shows the board names and numbers

employed
is shown
from the

burst as

in this system. The associated card: interconnect diagram
in Figure 2.81 . The TBC derives its low freguency timing
incoming bandwidth-compressed VFRTV signal via sync and

explained earlier. Memory transfer is less complex

because RAM may load the SR immediately. Sufficient time is

allowed (2 LF¥ lines) to insure-that the appropriate disc address

, .
can be accessed for unloading the SR to disc. Minor variations in

system control functions and timing will be covered in the system

manual.
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TABLE 2.14

Timebase Cpmpressor Circuit Boards

Board No. Name

104 High Speed D/A and Deglitch
115 10.2 MHz PLL

122 Shift Register

123 RAM

131 LF Timing

132 Sample Cilock Recovery PLL
133 ¥ a/D

134 . RAM Control

135 Dis;,Address Counter

136 LF Address Counter ,



104

]
| 4
1 s —

133 T 5 .58 122 LSO
o) —{V Wi —~i4 75
F AD{u 6 () e | 1] S | HS DrA+
Ik L V—t2)—i 7 s! SR |p % [DEGLITCH) 82152 VIDED OUT
Car P e N e
18| 1t 1 tal—ih 16 7
|T—{—is 9 —1{5}—]K 3 7 -
RG-174/U |.E23:|5 12—{g——EF F R C’l‘ lo3-6 M
w2z 9 s H (1) e S - (-]

EE

LF SMPLCK:

J
: !
(T 56A RET ae ED-(h2/e
L : n2ne

X
' H
w »ry 1; "m ["rl,
1 o, 19, ﬂl«:
oS et 912418
' 5 GFLD - — 12117
4 GFLDZ: S el ﬂg'(uzm
s & [T=37 - L e
! . K6AD-H -
‘e OB/A~W

i —

FLFF2p-NC |

' % pE FINISH e R — 2 e
0 3130-6 Y
b . - — - - - - -— - - - P - F.E_...—
NOTE WIRE COLDR mmca;.zn 8Y FRESISTOR COLDR CODE (X) LOWER ENCLOSURE UPPER
ENCLOSURE |

TIME BASE COMPRESSOR
Figure 2.81 : e O . e
RECEVE TERMINAL

DISC PROJECT 9630 00

991

L]

ALVND Hood 40
S| 39vd TYNIDINO




le6

2.6.8 System Specifications and Performance

The following tables specify various operating parameters for
the TBE/TBC system. Table 2.15 lists input signal requirements

for the TBE. Table 2.16 details the internidl parameters relevant to

TABLE 2.15

INPUT SIGNAL REQUIREMENTS

. Television Standard U.S. (EIA-RS-180a)
Lines/frame 525

Fields/frame 2, interlaced
Field rate . 59.94 Hz.

Line rate 15734 H=z.

Field Time 16.683 mgec.

Line time 63.557 usec.

Input ampl}tude . 1.0 Volt (nominal) ,
Blanking reference 0.0 Volt (nominal)

both TBE and TBC, -while.Table'2.17 specifies the characteristics
of the low‘frequency narrowband video signal. It should be noted
that the Data Group, which provides reference markers for the video
disc read/write operations is treated in detail in anqther sectipn.
Similarly, the design coﬁsideratidns and actual circuitry %mployed
in the low pass filters for the LF video signal will be covered

in a separate section,
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TABLE 2.16

Sampling and Quantization

No. of quantization levels 256 (8-bit word)

No. of lines transmitted 240/field
480/frame

No. of samples/line 512

High speed sample

clock frequency 10.22725 MHz
High speed sample interval 97.778 nsec.
Sampled active line time 50.062 psec.
Data Track

Time base correction method Parallel digital data track

Data encoded Composite sync.
Encode method Bi-phase, M
Encode clock frequency 4,0909 MH=z.

Pixel reference clock

recovery Phase—-lock lcop
Pixel reference freguency 2.04545 MH=z.
Memories
Fast 2 line buffer memory MOS shift register (S8.R.)
Capacity 1024x8 bits

Write clock-from
Hi-speed A/D 10.22725 MHz.

Read clock - to RaM 1.002725 MH=.
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Memories (cont*d)

Slow 2 line buffer memory
Capacity

Write clock - from S.R..

Read clock - to D/A
converter ’

Timebase Expansion/
Compression factor

MOS RAM

1024x8 bits

1.022725 MH=z.

34.0908 KHz.

300

TABLE 2.1.

Low Freguency Video Characteristics

ﬁo- of lines/frame

No. of active lines/frame

No. of fields/frame

Field rate

Field time

Line rate

Line time

Signal amplitude

Receive terminal pixel
clock reference

Burst freguency

No. of cycles/burst

Burst duration

CW regeneration techmique

525

480

2, interlaced

0.199 H=z.

5.005 sec.

52,4467 Hz.

12.067 msec.

1.0 Vpp (nominal)
Burst on backporch of blanking
for each active line
13.63632 KHz.

10

0.733 msec.

Sample/hold PLL
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Table 2.17(cont’'d)

LF video maximum in

band frequency 14,0 KH=z.
Out-of-band energy " Function of equalized channel
filters.

Various laboratory transmissions have been run to evaluate
éipture qualipy. Initially direct digital data was transferred
between transmit and receive terminals to verify Fhe video memories
and hi-speed digital subsystems. Later tests transferred unfiltered
analog samples of the low frequency video signal. Final tests’
employed bandlimiting filters to achieve an actual 14 KHz. channel.
A demonstration of this system was conducted at NASA Lewis Resgarch
Center for various members of the technical staff. Picture view- -
-ability was found to be acceptaﬁle in each of two transﬁission modes:
.1) full frame update in 10 seconds, and 2) ;ingle fiel& transmission
every 5 seconds. In the latter mode the single fieid which is
transferred to the receive terminal is written into both field
memories on the video disc._ This trick produces a ful]:y scanned
video image with a sacrifice only in vertical resolution and was

found to be surprisingly viewable - little degradation is perceptable.

2.6.9 Recammendations and Conclusions

The prototype TBE/TBC digital system was designed, constructed
and tested over a period of approximately one year. Individual

printed circuit cards were assigned to various subsjstems for
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use in trouble shooting and modification. Card interconnection and
‘isolation of t;ansieﬁts from th§.10W~1evel wideband electronics else~
where in the VFRTV‘system was hswever, a gontinuiﬁg difficulty. It
is felt that a significant improvement in SNR ( ~ 6-10 db) could be
achieved if all functions were now implemented on a large wirewrap
board specially designed for Schottky TTL logic. Certain major
simplifications would also result from the use qf one large fast RaM,
as mentioned earlier in this section, rather than separate techno-

logies for each memory.
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2.7 cChannel Filters

In the design of classical shaip cutoff ibw—pass filters
{(Butterworth, Chebychev 'and elliptic, for example) the designer
nay campletély control the magnitude response of the-filter by pro-
per choice Af parameters to achieve agy desired response in the
passband, transition region, and stop~band. Once the magnitude
response is determined, the phase responsé (and thus ‘the delay
cﬁaracteristic) of the filter is fixed.

Freéuently, a non-linear phase response poses no significant
problem and may be igncred. In the proces;ing of video signals,
however, phase.response is important, since delay non—uniformi?ies
produce Undésirable overshoots at high-contraét picture transitions
thch are visually manifest as ghosts and fringing. It is there-
fore necessary to modify the pﬁase response of these filters by
the addition of a series delay correction netﬁork whose presence
will not degrade the filter's magnitude characterist:j.c. Any
additional series network cannot decrease the overall phase shift;

thus the corrector shsuld be designed in such a way that its phaée
response, when cascaded with the low pass filter, will produce an
over-all piece-wise linear phase resporse, i-e.,‘constant group
delay (see Figure 2.82). .

Delay corrected audioc low pass filters are not available
commercially unless séecially designed. It ﬁas therefore decided
to develop a computer program to determine the optimum pole-zero

locations for second order all pass filter sections to realize any
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needed delay correction networks for filter or channel equalization.
This program allows the designer to enter data for a given low pass
filter either in the form of an ideal transfer function or as mea-
‘sured group delay from a network analyzer. In the latter case, the
delay may be corrected to any desired fregquency beyond the cutnoﬁf
frequency of the low pass filter. The user may specify a range of
orders for the corrector network and whether the network is to be
active or passive. The prog?am determines if a realizable network
exists for each even order configuration within that raﬂge, prints
out the pole-zero values and component values. The magnitude and
delay response of the overall filter, its impulse response {corrected
and uncorrected), and its response to a‘bandlimited sine~squared
pulse input are also computed. The flow chart in Figure 2.83 shows
the basic steps carried out by the program.

Results for a 4-th order Butterworth filter (fc = 14 KHz)
delay compensated with a 4-th order all pass section (fC = 22 XHz}
now follow. This particular filter is needed to implement the VFRTS
prototype for 14 KHz wide channels. The resulting circuitry for
the filter and egqualizer are shown ;n Figures 2.84, 2.85 respectively.
Note that the realization of the needed pole~zero locations is
accomplished using the Bi—Quad op-amp configurat?on which is very
tolerant of slight component irregularities. The calculated
response to a sine-gquared pulse bandlimited to 14 KHz is shown in
Figure 2.86 ; the equalized response (Figure 2,87 } results

in an acceptable "k-factor" of v 1%, Actual measurements were taken
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using the digitally synthesized sine-squared pulse shown in Figure
2.88 . The measured.uncompensatéd and compensated response are

shown in Figures, 2,89 and, 2.90 reébeétively. Note the excéilent

agreement between predicted and actual responses.

-

The results obtained with actual VFRTS signais now follow.
Figure.2.9lshOWS the methpd'of synthesis of low frequency burst from
the digital reference sighals generated in the TBE. The lower oscil-
ioscope trace is the input to the filter—horizonal sync followed by
é burst of the reference frequency. Aﬂove is the-filtered output
;eady'for introduction to the narrowband channel. The second photo-
graph (Fig. 2.92 } shows an actual sine-squared pulse. A composite
real-time television full field tegt signal (cogtaining a sine-_
squared pulse) was recorded on disc, expanded, and stepped out at the
low frequency re;onstructioﬂ clock rate. The D/A e;nverter o@tput g
is shown in the lower trace; the delayed, filtered output is- shown
directly above.. -Note the excellent symmetry and Iéc#'of overshort
in the sine—squéred pulse.

The techniques employed for creating suitéble géualized low pass
filtexs have béen shown to be effective in synthzing 24 db/octave

. VFRTS channel filters with "K~factors" of n~ 1%. Performance has
been verified by computer simulation and actual circuits realized
using the generated specifications. These methods may be used to
delay-correct any linear system whose initial delay profile is known
analytically or by measurement. Further improvement of the entire

system could be achieved by the application of delay correctors to
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various subsystems in the Mod/Demod, TBE and TBC.
The next section will summarize the results of this chapter and
outline the direction of effort in obtaining color transmission using

the principles and techniques of the monochrome VERTS system.
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2.8 Conclusions

2.8,1 ‘Monochrome System Summary. A simplex VFRTS tranémitter/

receiver was designed and constructed using a 6.5" video magnetic"
disc as a mass store for real-time television display. 'The inputs
and outputs are completely compatible with real-time U.S5. television
standards.

The construction employed modular plug-in circuit cards for
prototype Qevelopment and alteration. Two separate enclosures are
used for each terﬁ&nal——one for the video disc and servo and one
electronics bay containing the remaining processing circuitry.

Documentation of the system consists of block diagrams,
schematic diagrams, and adjustment procedures where appropriate.

A complete documentation package (manual) will be forthcoming in-
cluding any remaining circuit diagrams not exhibited in the Appen-
dices of this report.

I The system has been tested and demonstrated using a simulated

14 KHz baseband channel with refresh rates of 5 seconds/field.

Picture guality was judged to be consistent with design goals.

2.8.2 AAdaptaﬁion of Color Transmission. A goal initially

‘outlined included transmission of color images utiiizipg the same
.channel bandwidths and refresh times as the monochrome system (if
possible) . At present an operational system in the laboratory is
capable of these transmissions. No alteration in channel capacity

or penalty in update time was necessary. The design alternatives,
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system reconfigurations and modification made will be the subject

of Volume 2 of this report.



APPENDIX 2.1

Master Timing/Sync Group Adjustment
Procedure and Schematic Diagram

Contents Page
Adjustment Procedure 186
Schematics ‘

Sync. Distribution Amp (70) 187
Master Sync Geﬂerator (77} 188
Xtal Oscillator (98) 189
R/W Timing Generator (100) 190
R/W Controller (101) 191

135



Step Board

MASTER TIMING/SYNC GROUP ALTGNMENT PROCEDURE

Adjustment

(Transmit/Receive)

Vertical Threshold
Adjustment

With 98 feeding MCK to 77, trigger CHl of scope on TP6 MVDRIVE and display

on CH2 TP10, MVERTSYRC. Rotate VERT THRESH ADJ. pot. until waveform on CH2
appears as in Fig. 3. Check voltage on pot wiper axm (via R8, 12K 5% reslstor)
and verify that it is about 3.6 VDC. This completes adjustment for board 77.

PLL HOLD Pulse Width
Adjustment

Now insert board 100 into rack and trigger CH1l on negative going edge of
pulse at TP15, PLL HOLD. Rotate PLL HOLD pot. until pulse is 70usec wide
ag in Fig. 13.

1l 77
2 100
3 100

BLANKGATE Pulae Widcth
Adjustment

Transfer prche to TPS, BLANKGATE and rotate BLANKGATE pot. for a pulse
width of 350usac as in Fig. 14. This completes adjustments for board 100

This ocupletes

adjustments for tha Recelve

Group. Continue to steps @ - @ for Transmit Group.

bl Zero; Horizontal
brive. (Syn¢ to Camera)

Plug in beard 70 and trigger CHl on rising edge of HOR DRIVE signal at TPl
display several pulses. Display TP3 on CH2. With camera disconnected,
a - 7.6V negative going pulse train should be present. Rotate HOR DC ZERD

J pot to place top of waveform at “OVDC.

DC Zexe; Vertical
Drive. (Syhc to Camara)

Trigger scope CHL on VERT DRIVE signal at TP4, Display TP6 on CH2; Clip a
750 resistive load frow TP6 to ground. Adjust VERT DC ZERQ pot for maximum
peak to peak square wave (peried vl7 mg) at TP6. Top of waveform should be
~ +2.7 VvDC, bottom should he ~ -2.3 VDC., Remove 75 resiator.

4 70
5 70
6 70

Camera Drive Signal
Chack Under Load

Plug in camera drive cable and verify O to ~3.8 V pulse at TP3, and +2.7 to
-2.4 Vdc pulse at TP6, .
This completes all group adjustments.

981
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APPENDIX 2.2

VIDEO MAGNETIC DISC SPECIFICATIONS

Outer Diameter
Inner Diameter
Thickness
Concentricity
Flatness (each side)
Coplanarity

Base Material

Magnetic Coating

Overcoat
Coercivity
Surface Finish

Surface Defects

192

6.5“ i 030”

0.789" + .001"

0.2 + .005'""
< g.o01"
< 0.001" TIR
< 0.001"
Aluminum

Nickel¥-Cobalt,
6 micro-inches
nominal thickness

Nickel oxide

600 Oersteds

0.5 micro-inch aa or better
Each surface shall be free
of defects over a range of

radii extending to within
/W' of 0.D. and 1/2't of 1.D.



APPENDIX 2.3

BRUSHLESS DC -SERVO

Specifications
Mechanical Dimensions

Commutation Techniques

193

MOTOR

Page
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10.
1.
12,
13.
14,

15.

16.

17.
18.
19.
20.

21.

APPENDIX

BRUSHIL:ESS -DC MOTOR SPECIFICATIONS

Motor Type

Dimensions

Enclosure

Acoustical Noise

R.F. Interference
Bearings

Lubrication .

Unattended life

Weight

Voltage Range

Speed Range

Efficiency

Temp (°C minimum)

Temp (°C maximum

Temp {°C rise)

Duty

Starting torque

Max. Cont. running torque
Max. Cont. motor current

Torque Constant

Winding Resistance

Siemens 1AD5000-0B

See Dwg. No. BDCM 100277
Dust aﬁd drop-resistant
< 30 db

None

Ball

Lifetime

> 10,000 Hrs.

26 oz.

20.4 to 26.5 V

600 to 6000 RPM
50% or better
~-10°
+55°
5o
Continuous
12 oz. in.
7 oz. in..
2.5 amp.
2.8 oz. in./amp.

4 x 1 ohm



2.
23.
24,
25.
26.
26

Winding Inductance
Electrical time constant
EEF constant

Mechanical time constaht
Rotor interia

Shaft axial play

Source: Siemens Corp.

Dwg.’No. BDCM 100281

b4 % 0.3 mi rthenty
0.3 millisec
n2.]8 V¥DC/1000 RPM
90 millisec

5.8 x 1073 oz. in. sec’

0.0039 to.0.0118"
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Figurs 7

2 = ). ] N Y
Etceronic Motor with 180 Degree Commumitor Carcuit

.

aen

180 Degree Commutator A complets 180 degree circult disgram s shown 1 Figure 7
The Hall generators ere supphed with a constant control
aurrent from the supply voltage through the resistors B2
snd R3 With the permahent magnet (otor running the Halt

stors ace axposed to 8 sinuscidal rnagnetic Tield* There-
e, the Hall signal voltage also i & sine wave. Typical wave
shape and phase relationship of the Hall generator signals 15
shown in Figure B, The Hall generstor output signal termt
mels sre diectly connected 1o the bese of its respective
commuytator transistor. By operating the commutator tran
sistons in their lineer region, 1t can be assumed that the base
voltages and thevefore, alsc the collector currents and wind
g currents, maintin the same sive wave shape Fagure 9
shows the typicat bese voltage wave shapes and Figure 10
shows the typical minding currents of the 180 degree com
mutator.  Each winding conducts current for 180 degrees
At the same 1ne, there are always two windings conducting
aurrent.

Snce the winding aurrent s & sine wave, the winding flux 5
Bc 8 sine warve  In Fgure 11 the north pote of the rotor s
in position | under the Hall generator HG1, The Hall volt
opes of HG1 therefore have the maximum ampinudes The
ampiitude is positive 81 the base of commuztator trensistor
Q1 and negatjve at the tese of Q2  This means that O3 s
turned on a1 & collector current corresponding 1o the maxi-
mym smphtude of the e wave curtent of wmding Wi,
and Q2 15 wrned off, O3 snd G4 ere aiso turned of f since
HGZ 1 n 2 neutral magnetic pasition.
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Typical Base Voltsges of Commutstor
Froraastors in 180 Deproe Commutator

iy

ER LR

Typical Windmyg Currents for 180
Commutstion

At this moment the rotor Hux Gq et the fiux Gy of winding
W1 oro ot an engle of B0dogroes  The rotor terque is given
therofore by

T o COp G einB0” o CCy Gy

After the rotor hos moved 0w the engle € to poaition 1, HG2
G20 i3 Brpoted 10 the rotor flux  Since the Hall voltoge i 8 pro-
jection of the rotor fiux, the winding flux of W1 follows o coste
function Because of the physirsl tsparation of the Hall generators
Dy S0 degress, 03 15 turned on pecording to o sine funclion  The
seinding flux of W3 tharefore 15 @y 8in 8. In folor position IS,
the two windings Wt and W3 ere energized and developing o roter
wgue. The torque from W1 follows the function

Ty o C8r Quem®d
The torque from W3 follows the function

Tz - C@n % ﬁn’ [}
The tum of the torques from both enerpized winding circuns s
therefore constant end equs! 1o C Gy @ for ooy roter position
over the ronge of 0° & § £ 00°, Afier o rowlion over 80 dzgrees
winding W3 tokes cver from WY znd W2 from W3, etc., to that
the torque ower a full rotaticn is olweys constant  The angle be-
twoen the rotor flux and the resutung flux of the windings s
ehays B0 dogrees  The odvantegs of the 180 degres commutator
i3 that the copging is reducad to & minimum. Only funot davia-
vens from this sdeal situation cre axperienced due 10 nonlinean-
1ies 1n the choractenistics of the Hall penerators ond transistors

Figure 11

Layout of Winding Circuits znd Rsll Gonorators



APPENDIX 2.4

DERIVATION OF MOTOR VOLTAGE AND CURRENT TRANSFER FUNCTIONS

A.

(s

S

e

Voltage Transfer Function

<1<

1

DC MOTOR MODEL

Figure A2.4.1

R = winding resistance -
L = winding inductance
LB = total rotational viscous damping
zJ = total moment of inertia (motor and load)- ’
E = bhack EMF developed by motor
K ='motor electrical constant {voits/rad/sec)

KT = motor torque constant (oz.-in./amp)

L Torques $1Je + DB6# (1

T¢.=,-I ectrical * Tmech
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But T ... = O

Tojee = 2406 + EBO = KI . (2)
and Eg = K8 (3)
Now

v=RE+L'|+KEé (%)

Solving (2) for | we get

D

L= (FE)e + () (5)
T

Ky

and substituting in (&) for | yields

v(t) = ( Yo o+ (Z2)8 1+1 [( Yo + (ZB)yp 3 + K_0

e gk
(6)

AR =

Taking the LaPlace Transform and regrouping terms gives

v(s) = (EELydes) + (BELELER ) Ze(q) o (BB )se(s)

K 2 K
(7)

\B!—Ei%‘: 1. . - (8)
s [(LE )2, (REL+LEB . .. (RIB

g T e e
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(1
zEs; LZJ (9)
m
s s[sz+(+ )+(st EKT

LT LZJ

S

Neglecting the terms due to damping (which is a reasohable

assumption} yields:

o(s) . (/)
Vis) EKT (10)
- s(s + (R/L)s + —— A
P L RZJ
Now define t =<, T = e
e R | m . KEKT
For motor without any inertial load .
90 msec = T > >oTe = 0.3 millisec
SO that‘.
R » R | i3
L L RZJ
Thus we may write
‘ /LT
L REJ LZJ
o(s) . _ Ky/LzJ
v(s) ! 1
S(5+1—")(5+T—) (12)

m e
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6(s) _ (1/Ke)
V(s)

C(13)
s{s Tt 1) (s T+ 1) ‘

and in general since T > > T, we get

8(s) _ (I/KE)
V(s)

s (s Tm+1)

The actual transfer function may now be calculated as follows:

- v . 60 RPM -1
1/Kg = {(2.18 IOOORPM) (2'rr-1000 RAD/SEC )}

_ V-SEC -1
T/KE = { 20.82 RAD }

_ RAD
VK = 0088 yorvsic

K K_I_ :

- _E .

W= R (2J calc: see App. 2.5}
2
K9 m
-3  VOLT*SEC -
. iy (20.82x10 “RAD ) (2.05%x10 W .
m
Volt -5 2
(1 Aop Y (111x10 7 Kgm™)
- = RAD

on T 0-385 e
T = (w )_] = 2,60 sec
m m
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0(s) _ 0.048 '
V 2 = s{s(2.6) + 17 (1ha)
2. B. —g%z%' Current Transfer Function
eIec=1Kr=z.JE+zBé (15)
H(s)K = (29) s20(s) + (2B)s6(s) (16)
(s) _ (KT/ZJ) (17)
i(s) s(s + 18/%J) 7

Note the simplicity which results when the cdrrent transfer func-
tion is considered’(R, L, and KE do not appear). A pole is con-
tributed by the root due to finite fot;tional damping BT; if no
losses were present, then the denominator Q@uld reduce to 52.

Now

g = (Z) (18)

0
LK =240 +LB&6 (19)
|
B :-—:Ic-r- (]93)
g
Hence
|
Wg = KT (20)



204

Using a W' diameter disc, data were taken to determine a value

for wg -
TABLE AZ.4.1

Tach Freg Motor Voltage Motor Current RPM#
(KHZ) (Voltg) (Amp)
22.64 0.500 : 0.200 2592
35.74 0.600 . 0.240 . ko9g2
Li . 70 0.700 0.280 5118
54,86 0.800 0.320 6282

‘ *52h counts/rev from tach disc

Fig. A2.4.2 fits a straight line through the data points and

yields an estimated value for IB as 2.34x10_8 (nt.m.sec) or

2.34x10-8 (Kg.mz.sec-]).

2.34x10 8 Kgmz/segm‘ LT s

Thus, w, = = 5 =l 98X 10
47}(] 0 Kgm -6
. 7.92x10 Hz

Rad/sec or
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Figure A2.4.2

In general, w_ can bepscaled to any diameter disc if it is

B

recognized that B is proportional to the area and steam velocity

B,ldA

{see Fig.52.4.3).

&_

J

>

Figure A2.4.3

dA = drdbé

V « r at constant 8
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dB « VdA = rdA

2 R
B « [ f rdrdf « r2 (21)
o o

But LJ « rh (assuming density and thickness remain essentially
the same).

Thus, w_ « rz/rh « 1/1‘2

B

Hence for a 6.5" diameter disc

2
w, = {===) w = 0.38 w (22)
3'25 Bl}u Bl’n

which st11l yields a value of approximately 3)(10_6 Hz. This fre-
quency is so low that the pole will be assumed to lie at the

origin and the motor transfer function to be:

1(s) S2
We now calculate the exact transfer function.
-5 Kg m2
(2.05x10 *——————774
_ Amp sec
(Ky/29) = { 2 }

111 x 1077 Kg m

(KT/ZJ) = 18.47 sec”? amp

or

[«2]
e
7]
ar
(o=}
5
~J

(23a)

:



APPENDIX 2.5

MOMENT OF {NERTIA CALCULATION (JZZ=2J)

See Fig. A2.5.1 for configuration.

T, = 0.200" = 5.08 x 107 H
-2
T2 = 0.915" = 2.32 x 10 " M
n = -2
R} = 3.25 = 8.25 x 10" M
-2
R2 = 1,000 = 284 x 10" M
\ I Yy 3
Spindle and Disc Mat'l Alum , p = 2.8 gm/em

ne

2.8 x 10° Kg/M3

b
_MRZ -5 2
Yspindle = 7 (Tp"Ty) = 3:32x 107 KM
Jpise = T3 (7)) = 103.5x 1077 KM
"3 % - -5 2
JRotor/Shaft 5.8 x 10 © oz.in.sec” = 4,18 x 10 KgM
J, = 4 o+ =111 x 107° K M2
zz Spindie “Disc Rotor/Shaft g

207
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A Iz

Rg™ SPINDLE ASSY.
s

* l im m j—vmeo DISC.

l O I T1m

I

DRIVE
MOTOR
ROTOR/SHAFT

Pigure A2.5.1 Video Disc, Spindle and Rotor

Configuration for Jzz Calculation



APPENDIX 2.6

Adjustﬁent Procedure and Schematic-
Diagrams for Servo System

Contents Page
adjustment Procedure 210
Schematics
Sync/Tach Processing (33) 212
Motor Control PLL (43) 215
Solenoid Control (97) 216
Drive/Tach (108) 217

209



Step

Boaxd

Adjustment

SERVO GROUP ALIGNMENT PROCEDURE
(Transmit/Receive)

108

Motor Cuxrent
Limit

With 43B out of gystem, jump 108, TP4 to +15V while differentially monitoring
the voltage between 108/TP2,3. Adjust Current Lim pot. for 2.5V at the TP's
which equals 1 A of motor current. Leava on.

106

Optical Tach
Chack

With :;otor running, check each Output (pins. 7.8) of MCl733CL on 108 for approx
szP t=uh signal (should loock ainuscidal}. Adjust tack pickup arm angle if
necessary to produce required signal. Turn off motoy by removing jumper to TP4

Py

33a

Sync Processor
Check

 Trigger Scope CH1 at TP13 on 33A and cbserve MVERTSYNG (Fig. 13). Serrated

pulse should last+ 180us and occur avary vertical interval. How display on
CHZ TP12, MCOMPSYNC and chack relationship shown in Pig's. 12, 13.

Now transfer CH1 to TP13 and observe F2, vertindex, Fig. 11, which should occur
every “33msec¢, Place TP1l3 on EXT trigger and siplay TP12 (MCOMPSYNC) and TPlO
(HREPFY on CH's 1 and 2 respectively, Verify timing shown in Pig's 10, 12. This
completes check of sync processor saction of 33a.

33a

CMRR Adjust

Insure that Pl of 108 is not connected. Apply 4V P 15KHZ pine wave to TPA and
TPB of 33A. Adjust CMRR pot for minimum cutput sELTPL cn 33A, Roplace Pl of
108,

108, 33n

Hinspeed

Attach a variable DC power supply (0+-15V) to TP4 of 108 with 43B out of gystemi

set to OVdc', Motor should be stationary. Slowly increase voltage while monitoring
TPl of 33A; Verify n3Vpp. Now go to TP2, triggering on rising edge. Adjust DC
supply voltage until period of square wave is about 32us (See Fig. 2}. Place TP4
on CH2 and adjust MINSPEED pot for 22upec wide positive-going pulse. Yellow
minspeed LED should be on. Verify n2.4 vdc at pin § of U2B on 33A znd v2.7 vde -
at TP5 (Fig. 6}. MNow turn DC power supply dowm to OV and check to pes that gs
disc slows and LED goes off verifying that mingpeed had dropped cut. Reset

supply to previous voltage and note acquisition of minspeed again. Recoxrd DC
setting to produce the TACHOUT signal shown in Fig. 2. I BeP 5. Vac I

33a

Insar Pulse
2djustment

Hith disc running at speed under control of DCP.S. in previous step monitoer U10
of 33A, pin 4 or 10 and check for missing pulse det, output as shown in Pig. 3.
if pulse iz absent, carefully adjust tach pickup arm angle until pulse appears.
This pulse identifies the once~arcund index en the optical tach. disc. -

0te



Step Board Adjustment
Trigger CH1 on pulse of Pig. 3 and display 'TP3 on CH2. Rotate INSER ADJ. pot
until pulse width on CH2 is ~Sus (see Fig. 4}. Interpulse period should be
15 to 20mgec (V17 ideally). - '
7 43B Initial Calibra- Plug 43B into an unconnected glot in rack so that it receives bus power. Check
tion of 43B TP3 for 5V +5%, Sat pot R16 for 2.2VDC at TP5. Check TP1ll for narxow
negative-going pules with interval of about l0ssc. This completes initial check
of 43B. '
] 33A, 43B] High Freq pr..i servo| RemoverDC P, 5. from 108 and replace Pl. Set switches on 33A and>43B to TEST \
108 control lock chaeck, | position. Connect CHl of scope to 43B, TP7 (trig ref} and CH2 to 438, TFS.
cpen loop Energize system. When' HF lock is achieved, pulge on CH2 should stop moving with
calibration respect to CHl. Now move switch on 33A to OPER position and note that CH2 pulse,,
the TACH INDEX is slowing moving. It should stop when it lines up with the
VERTINDEX pulse displayed on CHl. Put scope inte Add mods and adjust R16 on 43B
for a display as shown below. Lo ’
e s
=
9 438 Low Preq Phase Hote the following behavior; with Rlé aa an.adjustment, verify the. following two
bDetector Check operating conditionss
10 43B 9 Corrector Loop Adj R16 until LAG/LEAD ILED's trigger equally; this places timing relationship

AMjustment

of VERTINDEX and TACHINDEX as shown at end of step {(8) . Place 51 on 438 into
OFER mode. LAG/LEAD LED's should now flicker automatically indicating that
compensating loop is in operation. Observe waveform at TP6 on 43B and txim R16

to place average valus of voltage at OV. This cospletes sexvo alignmant pmcoduré.
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Appendix 2.7
VIDEQ HEAD. SPECHFICATIONS

Mechanical:

Track Width 014 + ,007 inch

Gap Length 50 + 10 microinches
Minimum Gap Depth .0015 inch

Load Force Adjustabie,nh to 10 grams
Winding 16 turns nominal

Electrical:
A. Record
Maximum fnductance 13 microHenrys
(end-end at 140 KHz)

Maximum Resistance L Ohms
{end-end, DC)}

Maximum p-p Record 75 milliamperes
Current (end-end)

B. Reproduce
Minimum p-p Output
{end-end)
a) 1000 ips and 7 Mz 7 millivolts

b) 2000 ips and 10 MHz 20 millivolts
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MOD/DEMOD GROUP .ADJUSTMENT PROCEDURE" AND .SCHEMATIC DIAGRAMS
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MOD/DEMOD GROUP ALIGNMENT
(FRAME WRITE-TRANSMIT TERMINAL)

BOARDS: 106 A/P Proc Amp
105 A/P Video Amp
21 A MOD
57 A Video R/W
23 A DEMOD
106 A/D Proc Amp

105 A Video Amp
Section # 1
Preliminary Board Alignments:
Step Board Adjustment
1 106A/P,D | video Preamp. - Using .TEK R147 test generator, inject IVp, multiburst (reduced burst.amplitude) at
Check TPl; be sure 75{ texmination is in. Check TP2 for ~6Vp, with blanking at +0.5V.
Multiburst amplitudes should ba constant +0.5 db.
2 106a/P,.D | Burst Trap Trigger scope CH1 at TP2 to display back porch w/color burat. Display on CH2 TP3
Adjustment and rotate TRAP ADJ trimmer capacitor to minimize burst amplitude at TP3. & ' &'
3 106A/P,D | Sync. Sep. Move CH2 probe to TP4 and check for a 0 to +5V 3-3ps positive-going pulse dalayed
. Check Irom horizontal sync by 0,3 to 0.5umec.
4 106A/P,D | Vert. Sync. Using vertical sync. separator triggering on Tek 465 scope, trigger CHl fram TPl
Sep. Adjust. and display two vertical intervals. Flace CHZ on TP7, EVERTSYHC, and adjust
VERT SYNC THRESHOLD pot. for clean sync (refer to master Timing/Sync Group timing
diagram, Fig. 3 for corract appearance). It is necessary to use expanded guoeD
for this display.
5 106MA/P,D | Comp. Sync. Remove CH2 prc;be and' place on TP6, ECOMPSYNC, and view elight)y larger region of
Sep. Adjust. vertical interval. Adjust COMPSYNC THRESHOLD pot. for clean sync. .(refer to Fig. 1
of sams timing diagram). Make certain all equaliration pulses are present.
6 106a/P,D | Clanp Keyer Bafore proceeding, check to see that jumper from IM319, pin 7 to 74121N, pins 3, 4
Check is connected; also check for jumper fxrom 74121N pin 5 to IM319, pin 12, ({(This

insures that local stripped sync. ig driving the keyer). Now place CHZ probe on
TP8 and cbserve a 0 to 3V positive-going 1.2psec pulse riaing approx, ©0.3-0.5pssc
after the falling edge of horizontal sync. pulses. The pulpes should be pxesent
for all equaiizing pulsea in the vertical interval pection.

oce



Step " Boards Adjustment . .
7 106A/P,D | Tilt. Adjust. prlace cH2 probe on TP9, composite video output.- Change triggering of CH1l to display
. ocne line of video and expand the time-base and vertical sensitivity of CH2 to observe
the bottom of the horizontal sync. pulse. Hote the presence of the clamp artifict
dus to keying; adjust TILT pot. as shown below
Horizontal Sync. Pulse .
a 106A/P,D | Clamp Level With same display on CH2, rotata card edge mounted cuum REF pot. to Placs
Adjustment blanking at qpprox. ovde.
9 106M/P,D | Video Qutput Now reduce vertical sensitivity of CH2 and adjust card edge mounted LEVEL pot. to
Level Cal. produce a peak-to-peak of 600aV between sync. tip and 100 IRE reference in multi-
burat. (It may be nacessary to disconnect, in the case of 106A/P, the pu exphasis
cap. which is a 32pF, dipped silver mica located directly above the LEVEL pot.)
Recheck TILT adjustment, Step 1. This completes preliminary alignment of board
106/F,D.
10 105A/P/D | video Amp. #1, Make sure 759‘teminat.ing resistor is in. Inject 1V,, multiburst (reduced an‘plgl.gpdel
High Freq. at TPl; trigger scope CH1 on TPl and view cne line of video. Display TFZ on CH2
Compensation. and rotate HF COMP_#1 trimmer for flattest multiburst {(should bs +.25 db or better).
11 105A/B/D | Pilter Check Move CH2 probe to TP3 and check for mlvpp multiburst; burst flatness should be
essantially the eape.
12 For 105A | Preset Gain Jump a 7861 +5¢ resistor from TP5 to ground. Rotate GAIN pot. to produce :I.vpp signal
105A/D Adjust, video at TPS. Verify 2Vpp at TP4. -
wly. lmp '2 -
1
13 For | Preset. Gain With TPS open circuited, rotate GAIN pot to produce 0.75Vpp at TPS.
105A/P | Adjust. ' .
14 L06M/P/D | Video Amp #2 Cbserve TP5 under conditlons of Step 13 or 14 as appropriate and rotate HF COMP #2
High Freq.

Compengation.

trimmey for flattest multiburst at TPS.

ice



Step Board |\ Adjustment
15 Por video Output With TPS open circuited, rotate FM CENTER FEED pot. to place sync. tip st +4VDC
105a/P Bias Voltage at TPS.
Cnly Adjust.
16 105A/P/D} Test Completion Remove 75fi input texmination. This completes preliminaxy alignment of 105A/F/D
boards.
17 21a Test Set-Up Move jumper to TEST position. Couple channel A output, pin v to'a 500 20 db pad
and then to input of RF.spsctrum analyser using 500 coax cable,
i8 21A Harmonic Inject (via 501 coax) a 6 MHZ 500 mVPP sinewaxe at TRPL0 and tiim genexator Qutput
Distortion for 1.5V, at TP6. Rotate DIST ADJ pot. for ninimwn 2N haxmondc (12 MHZ)} on
Minimization spectrum analyser.
19 21A High Preq. Adjust HF FLAT trimmer cap for equal gains at 3 and 10 MHZ on analypexr. This will
Coapensation interact with adjustment of step 18. Trim both for best results with unifeorm rolle
off approx. 1 db down at 10 MHZ. Replace jumper to NORM position whan finighed,
This completes preliminary alignment of 21A.
20 23a Reg. Check Plug in board and check +5 and -5V xegulatox cutputs fox pxapex voltages,
(+5V 10.5V).
21 235 Freq. Doublex Inject a 6 MHZ 30 mVpp sinewave into TPl wia 50 coax, Connect CHL acope output
Alignment to gpectrum analyser imput via 500 BNC coax cable, OCbserve pulse train at TP5 on
CHl and it's spectrum. Rotate LIMTER SYMMETRY pot, to null fundametnal @6 N2 on
analyser. Now rotate PULSE SYMMETRY trimmex capacitor flox furthex lmprovement,  The
pot. has the dominant effect. Trim both alternately for beat xesults,
22 23a pemod. LPF Move jumper to TEST position, Inject a "sin? Pulse and Bax" test waveform from
Ovearshoot Tek R147 generatoxr via 750 coax, at TP6, FPlace CHl probe on TPB and dligplay the
Adjustment “pulse® portion of the test signal., Rotate OVERSHOOT ADT pot for correct wiver

form as ghown below

Incorrect

Correat

Incorreot

[A4A



Step Board Adjustment
23 23n LPF Freq, Switch test signal te "Multi-burst®. Adjust colls L1, L2, 13 for flattest multi-
Rasponse burst with slow rolloff toward highest frequencies. Now connect RF gweep generator
Calibration in place of Tek 147 test signal and chack for nullsg at +6 and V7 MHZ with stop band

rajection of 50 db or better from 6~20 MHZ. Return jumper to OP position when
finighed.

This completes p

raliminary alignment of the MOD and DEMOD cards,
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DATA GROUP ALIGNMENT PROCEDURE

BOARDS: 91A Digital R/W
92A Encoder/Decoder
93A Clock Recovery PLL
112A DSYNC Proc. I
114A DSYNC Proc., 1I

Step ; Board | Adjustment

1 S92A :

Tast Setup Insert only 92A in it's slot ‘w the caxd cage. Place Sl in LOC mode. (This connects
. the encoder directly to the decoder), Note that red LED should be on. Determine that
MCOMPSYNRC is oavailable at TPl and that X2CK (8.1818 MHz) ie present at TP2.

2 925 Encoder Check Trigger CH1 of scope (Hi-speed such ag HP 1741A or Tek 454, 465, or 475) on the riaing
edge of one of the horizontal sync pulses from TPl. Display one additional sync pulse
on gcreen. Using CH2, attach pycbe to TP8 and, employing expanded sweep, examine the
aroa around the second sync pulse. Note that square wave is 2 MHz when MCOMPSYNC is
low and ~ 4 MHx during pulse.

3 925 Decodex Check Leave CH1 connected and triggered as in step@ . Attack CH2 to TPll and observe the
aane waveform as MCOMPSYNC except delayed (see timing diagram for exact relationships).
Check TP5 for the inverted version.

4 $2A Racovery Erxeor Using CH2 pxobe, check to ses that TP7, RECOVERY ERROR is in high state, as it ghould

Check .
5 92a DCIK Syncronizer | Now move probe {CH1) to TPll, triggering off decoded data signal in same fashion as
Check before. Expand the main sweep to display the falling edge of horjzontal sync pulse
about in the cetner of screen. Place CH2 procbe on TP12 and cbhserve a A2MHz {(2,04545
MHz) square wave which is stable with respect to sync pulse {(no polarity-flipping).
s See the timing diagrams for 'exact time relationships. This completes the checkcut of 92A,
[ 91A Tast Set-up Now plug in the digital R/W board, 91A, and attach the head cable; leave the data head

up, i.e. not flying. Verify that the board is receiving the encoded data atxeam by
cbserving TP8. Use CHl and trigger on rising edge with a sweep speed of 100 nsec/div,
Note waveform and compare to Figure on schematic 9601~91.2, TP8., Overshoot should not
exceed that shown or grounding problems exist,

£ET



Step

Board

Adjustment

91Aa

Write Amp Alignment;
Piags Adjustmant

Leaving CHl probe on TP8, verify waveform on print, TP9 using CH2 probe. The

signal should be ~1.5-Vpp

at low frequencies.
TP10.
{Note:

with slight tilt due to transformer coupling losses

Now set CH2 input sensitivity to 2V/div and place probe on

Adjust BIAS pot for 16 Vpp dual polarity pulses as shown on the schematic.
91A must be given a WRITE command during these tests).

91A

Balance Pot Preset

Leava CH2 probe setup and change triggering mode to CH2.

Now set CH1l to same

vertical -sensitivity, switch to differential display mode and rotate BRLANCE

pot for minimum display amplitude. (This adjustment is preliminary since it is
a differential voltage measurement and is not an exact reflection of the
differential current balance at the head). .

Remove’ probes and lower the data head. Using R/W controller pushbuttons, write
data onto disc and release button. Place CH1 probe at TPl and check fox
relatively noisy 300 mVpp readback signal as shown on schematic. Most intense
portion of waveform should be tyxiangular in appearance. Move to TP2 and dgain
verify waveform. Finally check output signal at TPl2. Trigger on rising edge
and set up scope display to mach figure on schematic. Note jitter on falling
edge of data signal; ten nanoseconds is acceptable. If jitter is muchgreater

. don't be alarmed yet, it could be due to write-amp inbalance, which will be
s trimmed next. ’

Read Amp Check

[ . Z

Plug in the DATA CLOCK RECOVERY PLL, board 93A. Check for a clean data signal
Write Amp Balance at TPl, using same probe as was used in step « The waveform should be
Adjustiment virtually identical. Kow move probe to TP3, and trigger on falling edge. .

1 Observe train of negative-going pulses about 10 nsec wide as shown in figure on
the schematic., Carefully note the jitter on the middle pulse. While watching
this, write data onto disc while slowly varying the BALANCE pot on 9)A. & pot
position will-be found that procedures the minimum jitter im-this pulse. Thas
jitter should be approximately 10 ns or less.

10 93A Edge Detector Check,

11 93M Place' probe just used on TP4 and rotate 100 NS ADJ pot. to préduce a clean
square wave at “v2MHz. The rising edge jitter should be %10 nsec. (Waveform

will have a small irregularity due to track-switching.

Cell Detector Adjust-
ment

12 93A Clock Phase Calibra-

tion

Set up scope for 2 channel display of TTL waveforms. Trigger CH1 on falling
edge of TP10 and display TPB on CH2. If PLL is locked, CH2 display will appear
stationary w.r.t. CHl, but will not necessarily be in-phase. Rotate BIAS pot
on card edge to produce V60 nsec lag in signal on TPB as shown on schematic.
This completes the adjustments of 93A.

pee



Step

Boaxd

Adjustment

13

92A

Readback DATA
Check

Switch S1 to OPR. Trigger scope CHl on TPl and use sync separator to display
sweep triggered on vertical interval. Check TP7 with CH2 and verify that
negative-going pulses only appear during region of vertical interval (while
data tracks_are being switched}. Now move probe to TPll and carefully compare
both COMP SYNC signals. One should find discrepancies only during the vertical
interval.

14

1i2a

Preliminary Check

Plug in 112A and place 51 (Autowrite) in OFF posation, $2 in TEST positin.
ERROR LED should be OFF and ERRORL LED may be in either state. Check TP's 4,
15 for HI state, TPY for MCOMPSYNC, TPl2 for 2.04545 MHz clock aignal, -

15

112a

Vextsync Processor
Check

Trigger scope CHl on TP7 and note pulse as shown on schematic once each vertical
interval; display two pulses on screen. Using CH2, check TP10 for GV, each
vertical interval and TP1ll for GPlp every other vertical interval. If thege are
present, processor is OK.

16

112a

Error Proceseing

Flip 52 to NORM position; this supplies clock, data, and error signals from the
digc to 112A's processing circuits, If data stream is erxor-file, ERROR LED
should be OFF. (Flashing behavior indicates problems in read-back signal which

may be associated with 1) physical disc surface problems, 2) head flying improper~

ly, or 3) sub-optimal PLL clack recovering and/or phase alignment. Carefully
raecheck system to determine the cause(s}). Assuming everything is OK proceed
to touch the back of the socket to which the data head is connected. The ERROR
LED should flash momentarily, indicating that errors are present. In order to
make the ERRORL LED go out, write data (manually) onto disc. Both LED's should
now be out., If AUTOWRITE is being used (in Receive terminl only), flip S1 to
AUTC pomition. Now, touching socket with finger will cause BOTH LED's to flash
on and subsequently go out, indicating that the data has automatically been re-—
written. If this ia not the case, check one shota on 112A for proper time
constants, as shown on schematic.

17

114A

Set-up

Flug in final board DSYNC PROC2, 114A,., (Note: this board may be checked with
either XTAL-referenced or DISC-referenced signals as selected on 112R). Chaeck
™P's 1, 2, 3 for GH, GMCK, and GCOMPSYNC respectively (see timing diagram).
{These are the cnly input signals to the board).

18

114a

Burstgate Lockout
Pulse Width Adjugt-
ment

Place probe on TP6 and rotate 9H ADJUST pot to provide a negative-going pulse
of w572 usec duration, present aevery vertical interval. Using delayed sweep,
check falling edge to verify that it is stable in time (i.e., not jumping +H/2).

SET



Step

Board

Adjustment

19

114A,

Delta Counter .
Check

Place CHl probe on TP1l0 and trigger on rising edge {(the HI state enables the
counter)., Place proper preset on DIPSWITCH, Ul5 as shown on schematic
9601-114., TP10 should fall low at end of 4 count; note that pulse should

be of constant duration and have a stable falling edge. Erratic behavior
indicates fault in 4 count subsystem or noise entering on either TP's 1 or 2.

20

1i4dh

HORZ Counter
Check

The falling edge of signal on TP4 (4 count} enables the HORZ counter, Sub-
sequent combinational logic (U7-Ul1) decodes the three horizontal sync signals,
which are reclocked in register Ul2 to provide stable, glitch-free signals
synchronous with GMCK. Check the timing relationships for GHORDRIVE (TP7),
GHORBLANK (TP8) ‘and GBURSTGATE (TP9) on timing diagram. GBURSTGATE should
appear to flicker, indicating its absence for 572usec in the vertical interval.

21

114A

A Counter Final
‘Verification

Trigger .CH1 waith TPll, GCOMPSYNC and display two horazontal sync pulses. Using
expanded sweep, place the second pulse in view so that the leading and trailing
edges "£il1 the screen. Now display TP7, GHORDRIVE on CH2. Praeset dipswitch
coda to 10001110 = 113. The rising edge of TP7 should precede the rising edge

of TPll by l.4667usec. Once observed, return preset to proper code.

This completes the DATA GROUP. alignment.
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3. ELECTRONIC HETERODYNE HOLOGRAPHY

3.1 Introduction

A system that.records optical holograms electronically using
& phase modulated reference wave has been developed and is described
in this report. Application of phase modulation to the reference
waée enables the use of a low resolution camera to record the
hologram while still providing separation of the desired object
wave information from the undesired self interference terms in the
reconstruction process.

The basis of optical holography is the formation and récording
of an intereference pattern between an object wave and a reference
wave.l One component of this interference pattern is an intensity
distribution which is proportional to the complex amplitude of the
object wave. It igs this component which, when recorded aﬁd illumi-~
nated with a duplicate of the reference wave, permits exact recon-
struction of the object wave. Unfortunately, however, the inter-
ference pattern also contains information resulting from self inter-
ference of the reference wave and of the cbject wave. These latter
components, when recorded and reconstructed, can produce undesired
waves which severely degrade the reconstructed object wave unless
measures are taken to avoid this. The usual proéedure used here is
to design the recording geometry such that the reconstructed object
wave is physically separated from the undesired waves. This is

accomplished by use of an off axis reference wave, the effect of

2A7
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which is to produce a high spatial frequency "carrier" in the
interference term. The cross-interference texrm then appears as
an amplitude modulation of this carrier frequency, while the self-
interference terms remain as a base band =gignal. The net result
of this spatial freguency shifting operation is that on reconstruc-
tion the object wave is separated in angle from the reconstructed
self inperference and né degradation occurs. The cost of the off-
axis recording geometry is that the recording medium now must have
a high resolution (1000 to 2000 lines/mm). While this is straight-
forward when the recording medium is photographic f£film, it is im-
possible with available television cameras, and therefore a new
method of separation is necessary. The use of a television camera
for electronically recording a hologram is, in principle, possible,
because the maximum spatial freguency in the cross interference
term is determined largely by the amount of parallax reguired, al-
though the spatial frequency spectrum of the object will also have
some effect. Thus if the self-interference terms can be eliminated,
the necessary cross-inteérference terms can be recorded on a tele-
vision camera with only a loss of perspective and-perhaps some
degradation of resolution of object detail. The latter will in
fact occur only if the camera cannot resolve object detail in a
conventional direct imaging system.

The system described in this report uses heterodyne modulation
o_f the reference beam to: eventually eliminate the self interference

terms from the hologram. Since the function of a television
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camera~—in this case a-vidgo image dissector--is to convert a
spatially varying intensitf pattern into a time varying electrical
signal, the net result of phase modulation of the reférence wave
is to produce a time f;gquency analog of the gpatial frequency
shift resulting from use of an off-axis reference beam. As.a con-
sequence, the various components of the origiﬁal hologram appear
as separated, band-limited signals in the time f£requency domain.
This enables, by use of coherent mixing and filteringr proauction
at the display device of a hologram containing only information
relevant to reconstruction of the real and virtual images, albeit
with limited paralilax.

A theoretical analysis of the system, including‘a scheme for
production of large parallgx views by superposition of a number of
limited parallax holograms, is given in Section 3.2. Sectioh 3.3
contains a description of the present system and results obtained
to date. Section 3.4 contains a summary of results and a discus-

sion of work to be performéd during the next year.

3.2 Electronic Heterodyne Holography-Theory

A means of electronically recording optical holograms using
a phase modulated reference wave has been developed. The feasi-
bility of recording holograms via television technigques was first
examined by Enloe et al.,2 who determined the key problem to ‘be

the low resclution of the television camera tube (approximately

40 lines/mm). Typical off-axis optical holograms requre a
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recording medium with resolution of 1000-2000 lines/mmf

To overcome this resolution problem .an in-line. Gabor recording
geometry is used in the system described here to produce a hologram
on the photocathode of a television camera tube. This geometry
produces spatially overlapping self-and cross-interference terms
all of which may lie within the resolution capabilities of the
camera but are not spatially separable, HowevVer, these terms are
separable (temporally} if the hologram £ef§rence wave is phase
modulated.

Phas; meodulation -of the reference wave temporally modulates
the hologram (interference pattern), shifting the cross~interferénce
term to harmonics of the phase modulation frequeﬁcy. Such a helo-
gram may be recorded with‘a non-integrating television camera and
processed by a heterodyne' detector to select only the cross-
interference term for subsequent electronic processing and/or
display.

This process of electronic heterodyne holography will be
theoretically examined for the recording geometry of Fig. 3.1 in

the following sections.

3.2.1 ERElectronic Recording of Single View Holograms. Consider

the recording geometry.of Fig. 3.1. The hologram is formed on the
photocathode of an image dissector camera (or any other non-
integrating type photodetector). The reference wave is phase modu-
lated by. an electro-optic modulator and the resulting time-dependent

interference pattern is electronically acquired and processed.
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Let the object_wave*be~describéd by the plane wave expansion

) Uo(x,y) = § Oi(x,y) cos [wt -~ Qix] R (3.1a)
where
Q. = (27 sin®.)/x
i i

,

A 1is the wavelength of the recording light, and w is its circu-
lar freguency. Note that this is an expansion of an optical wave-

front in terms of its angular spectrum.

The reference wave may be similarly written as

UR(x,y) = R(x,y}) ‘cos[uwt + § sin mHt] {3.1b)

3

which is a single plane wave normally incident upo; the recording
surface. The phase of this plane wave is modulated at a fregquency
'wH (called the heterodyne frequency) with a modulation index & .

If an image dissector camera, i.e., an X~y scannable photo-
multiplier, is used for recording, it acts as a square law detector
followed by a low-pass filter.

The opticalwamplitude on the recording surface, the photo-
cathode of the camera, is then

e(x,y) = R cosfwt + § sin wHt] + Z Oi cos{wt-—ﬂix] . (3.2)

i

where the explicit X,y dependence has been dropped for brevity
of notation. Squaring (3.2) and recognizing that optical frequency
terms will be flltered out by the camera, the camera output will be

given by



255

2 SR
e 2

NlH

z Z 0, O cos[(ﬂ -Q Il + Z RO [cosQ X cos(8sinow t)
i i

- 51n9ix 51n(6s1ant)] {3.3)
It is interesting'to establish a physical interpretation of (3.3),
i.e., the physical resuit of phase modulation of the holographic
reférence wave.‘ Cénsider the sinusoidal interference pattern of
Fig. 3.2. As a most general case of non-uniform background inten-
sity A(x) [to represent the presence of other images, e.g,, self-
interference terms] is assumed. The interference pattexn intensity
may be written as

I(x) = a{x) + B cos kx (3.4)

where k is the spatial freguency of the interference pattern.
Assume -that at any -point X, one can sinusoidally shift (phase
modulate) the interference pattern § radians about x at.a fre-

quency o , the shift, S(xo) ¢ is given by

H

S(xo,t) = A(xo) + BcosIkx0 + GSanH#]
S{x _,t) = -+ i -Bsi i i .5
(xo, ) A (xo) Becos kxo cosiIGS:anHt] Bein kxo s:l.n[é‘sn.ant] {3.5)

The result (3.5) is completely analogous to the terms in the series
expansion of (3.3) indicating that these terms represent an apparent
spatial shifting (modulation) of the hologram at an angular frequency

wH.

Returning to (3.3}, the holographic cross-interference terms

required for reconstruction may be explicitly formed by expanding
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the expressions cos{Gsiant] and sin[ﬁsiant] in a Foutrier-

Bessel series, i.e.,

I 8) + 2 ) g

cos(ﬁsinmﬁt)
’ =1

22(6) cos {28 mHt)

-}

2

It

sin{Gsiant) {8) sin[(22+1) mHt] -(3.6)

} g
gl 2041

Using (3.6) in (3.3) and rearranging terms

e :.B'—..
2

NIF‘

¥ ¥ o, 105 cos[(@,-0,)x] + &I _(8) L 0, cosq.x
i i

+ 2R 251 J2£(6}[§ Oi.cosﬂixi cos (28 mHt)

o0
- 2R )

()1} O, sinQ,x] sin({22+1} w_t) (3.7)
=0 it * H

Jog41

The terms 2RJ2£(6) g Qicosﬂix and —2RJ2£+1(6)§ Oi51nﬂix
represent the cross—interference terms required for holographic

reconstruction of Uo(k,y) . All other terms are self-interference

terms,

3.2.2 Separation of Cross- and Self-Interference Terms. In

conventional optical holography the cross-interxference terms, i.e.,
thg real and conjugate terms, are separated from the self-
interference terms by recording with an off-axis reference wave.
The off-axis reference is manifested on the hologram as a high

spatial freguency carrier (1000-2000 lines/mm) onto which the image
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terms are modulated by the interference process. As a conseguence
only high resolution recording media can be used to record an .ofi-
axis holegram. This high frequency recording medium requirement

has been the major obstacle to television recording of holograms.

In general, television cameras have maximum resolutions on the order
of 40-60 lines/mm. This is over an order of magnitude less than the
resclutions reguired to record an off-axis hologram. Only when a
Gabor configuration is used to record a hologram is the response of
the television camera adeguate--however, the self- and cross-
interference terms spatially overlap and the resulting images are
not optically separable. )

A close examination of (3.7) shows that phase modulation of the
optical feference wave allews separation of the self- and cross-
interference terms in an in-line geometry. The cross-interference
terms lie at multiples of the heterodyne frequency fH and may be
selectively detected by filtering and/or hetercdyne detection.

The criterion for éelécting which harmonic is to be detected
depends upon the relationship among the heterodyne frequency, camera
scan rate, and spatial frequency spectrum of the ‘object wave. Con-

sider, for example, the first harmonic term. From (3.7)

Sl = ~2RJ1(6)(§ 0i 51n9ix) Slant {(3.8)

If (3.8) is scanned horizontally at a velocity'-vx , each component

of the summation will give rise to a temporal frequency component
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2% sinei
i 'z A x i
The effects of vertical scanning may be neglected since horizontal
scan velocities are much higher than vertical scan velocities‘for
television-type raster scan formats.
Note that if the angular spectrum of Uo is limited to a

maximum angle emax ; i.e., the maximum angular field of view is

) ¢ 1t follows that the recorded hologram will be temporallj

max

band-limited to the frequency interval [O,fmaxl where

v 27 sin®
X max
£ = : = v
max A X max

(3.9)

1

The object term may then be viewed as a'signa} of bandwidth fmax

modulated onto the‘carrier £, L ‘
Becanse the reference wave is modulated at a single sinusoidal

frequency wH r the spectral width of the reference wave is negli-

gible. As a result the temporal frequency spectrum of (3.7) is much

like a picket fence (Fig. 3.3). The self-interference terms

2 -
R® 1
=+ 5 E § 0,05 cos[(R;-0 )x] + RI_(8) E 0, cos®,x

are temporally band-limited to 2fmax ; however, the camera response
bandlimits the self-interference terms to fmax . This assumes that
the camera resolution determines £ since from (3.9) £ =

. max max

v_ 8 where Q is the maximum resolution of the camera. If
X max max
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the camera's resolution is limited by Qmax the self-interference
terms occupy the spectral region Io'vkgmax] as shown in Fig. 3.3.
{In most cases the camera resolution will determine * fmax .} This

gives rise to the ‘criterion

£,22V.Q (3.10)

for separation of the cross-interference terms in the camera output
spectra. Assuming that this criterion is satisfied, the harmoniés
of wH in (3.7) are individually separable by bandpass filtering
or heterodyne detection. TFor purposes of illustration assume that

(3.7) is bandpass filtered to obtain the term centered at Wy

Let Sl denote this term

S, (t) = =23, (8)R(V_t,y) (§ 0, (v_t,y))sinQ. v t sinw t (3.11)

3.2.3 Dbisgplay of Rec;rded Holoérams. Once ﬁhe-cross—
interference term has been recorded, an optical display must be
produced. One method of producing a display is to write the cross-
interference term onto a display device (CRT, etc.) and photograph
the resultant two-dimensional image. If the film is properly ex-
posed, the amplitude transﬁittance of the resul£ing photograph, using
{3.11) as the signal to be recorded, is .

W, X
. . H
T{x,y) = IB - Y2Jl-(6)R(x,y) (§ Oi(x,y))su.ns’zix sin (—er (3.12)

where IB is an optical bias level and Y is a proportionality
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constant. Note that it is assumed that no scale transformations
take plgce in the recording process: The factoxr sin(mﬁx/vx} in
{3.12) is the result of retaining the carrier frequency term

siant in the recording process; the temporal frequency mH is

" translated into a spatial frequency mH/vk in the recorded hologram.

The hologram (3.12) is identical to the hologram resulting from

optically recording an off-~axis hologram at an angle 0 where

2ind =_§§'ln (3.13)
X
and A 1is the wavelength of the light used to record and recon-
struct the hologram. The result of reconstructing such a hologram
is shown in Fig. 3.4.

In‘practice, band—bass filtering cannot be used to select the
cross-interference term if a two-dimensional display is to be gener-
ated. The term sin(me/vk) must maintain the same relative phase
from line to line in the display. This is not possible unless the
horizontal scan and the heterodyne oscillator are phase locked. A
simpler alternative is to heterodyne detect the desired holographic
term--a process which removes the carrier frequency term. The
cgrrier may then be reinserxted before writing the hologram onto a
display by modulgting the detected signal with a triégered cscil-
lator. In this manner any off-axis reference wave within the
resolution capability of the display may be generated. It is not

necessary that an off-axis reference wave be reintroduced prior to
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Figure 3-4. Result of Reconstructing Electronic
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writing the display: (3.11) may be written onto the display without

carrier insertion to yield an in-line hologram.

3.2.4 Multi-View (Wide Perspective) Holograms. In principle,

it is possible to replicate a higher resolution hologram than can
be resolved by the camera. The resolution of the camera limits the
resolution of the recorded hologram to 40-60 lines/mm. However, the
display device will often have a higher resolution. Even if it does
not, the effective resolution may be increased by using a large dis-—
Play device with a sufficient number of resolution elements for
w;iting and photographically reducing the replicated hologram. Any
extra resolution of the display may be used to advantage to synthe-
- size single wide-perspective holograms from several narrower
perspective holograms. ‘

In such a hologram each view corresponds to a different direc-
tion, or angle, of the phase modulated reference with respect to
'thé normal to the recording plane. The direction of the reference
wave may be shifted by rotating the final beam splitte; in Fig. 3.1.

Each view (hologram) is assigned a unique off-axis reference
wave incident at an anéle which may be written in the manner of
(3.1kb) as

{UR)n = Rhcqs[wt-kﬁslnmﬁt-ﬂnx] (3.14)

where the subscript indicates an unigque off-axis reference. The
object wave will remain the same as (3.1a). For this choice of

object and reference wave the camera output will be
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—_—

2 1.2 .1 - '
en =3 R 2 § § O O cos[(ﬂ Q ¥ x] (3.15)

+ Z Rhoi{cosnix cos(dszant—an)-51nQix 51n(6$1ant-an)}

1
Expanding (3.15) in a Fourier-Bessel series and collecting terms

w[w

&2 = %.Riq- ¥ { cos[(R,-0;)x] + I (8) R ] 0, cos(a,-9 x)
ij

i

+ 2R [E O cos{ (9, 179 Yx}] z J (6) cos ZRmHt
i =1 .

-‘2Rh[§ 0, sin{(ﬂi-gn)x}]zzo T 5041 (8) Sinl{20+1)u t] (3.16)

If a heterodyne detector is used to selectivgly detect the first -

-

harmonic output of the camera, the detector output will be

s = -2R_ Jl(aatg o, sin{(e,~Q )x}] (3.17)
Note that this term is low-pass filtered by the camera to the
£ .
reguency interval [O,fmax]

The corresponding term for an on-axis reference wave was

i

Sl = ~2R Jl(a) Z 0i 31n9ix (3.18)
i

A comparison of (3.17) and (3.18) reveals that the effect of an off-

axis reference wave is to l%hearly shift the spatial frequency spec-

trum of the object wave by an amount Af2 . A particularly useful

choice of A2 is
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Q = nAQ = nQ n = 0.; l’ 2' ey N (3.19)

~If (3.19) is satisfied, each view will be a different segment of

the total spectrum of the object wave. ‘These views can be combined
on a suitable high-reseolution disblay to recreate the total spectrum
of the object wave (seehfig. 3.5 and Fig. 3.6).

Because each vie% @as a bandwidth of AR the Giews may be
frequency multiplexed tggether'bgfore the recording process to
yvield a higher frequenc§'5pectrum'of the object than- the camera can
record. The recording process then translates this temporal fre-
qgquency multiplexing into sp;£ia1‘frquéncy maltiplexing of the in-
.dividual holograms tbucrea%e a Wide—vigw,lhigh resclution hologram.

To model this ééngeét, let N viéws o% an object be acguired
in the manner of (3.17) and gtored in a suitable video memory device
(such as a video disc). Each view Sn is recorded with an off-

axis reference wave at an angle” Gn' defined by
sin 6 = nAQ . : (3.20)
max -

Prior to being written onto the display, each image Sn is modu~

lated by a sinusoidal signal of frequency fn ¢ defined by

f =ny & . (3.21)
n X max

Assume that each view, Sn . is read out from the memory device and
written onto the display at a scan'velocity s0 that the explicit

substitution x = vxt may be made in (3.17). If the resulting
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expression is modulated by a sinuscoidal signal of frequency Qn
defined by (3.21), each view becomes
. . . .
' = + - .
Sn R Jl(G)[z Oi cosﬂi vxt]n RlJl(G) Ziaicos(ﬂivxt 2anxt)
1 n=1
(3.22)
Equation (3.22) may be high~pass filtered to remove the second term. .
Such filtered terms may be combined, either electronically or opti-
cally, onto a display of sufficiently high resolution to vield a
display transmittance
N -
= 4+ .
T(x,y) = Ity ngl R J.(8) [E 0, cos. v.t] (3.23)

o™
¢

where each view has been reinserted into its proper frequency slot
el
to recreate the original wide'perspective object wave (see'Fig. 3.6).

Note that the maximum opticéi density of the display medium wili
determine the contrast of the individwal helograms if mégy hoiograms
are to be combined. If n such holograms are ta be displayed at
one time each hologram can only utilize 1/n of the usable optical
density range if the resultaﬁt display is to have a linear display
of intensity.

A ;chematic diagram of a system capable of recording and
displaying wide-perspective electronic hologfams is -shown in Fig.
3.5. nge that heterodyne detection is necessary to this concept——
the individual holograms-are band limited to Aw to allow maximum

utilization of the bandwidth of the video disc buffer memory. Base-

band recording onto a video -disc provides simple, low-cost storage
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for a 1a£ge number of electronic holograms with the carriers being
reinserted prior to the display process.

It is significant that several devices which appear capable of
synthesizing multi-view holographic displays have recently become
coméercially available. Hughes Aircraft has developeé a liguid
crystal light valve which may be written with a CRT and can be used
o modulate the phase of iight reflected from it, A display system
concept based upon this device is shown in Fig. 3.7(a). Itek Corpo-
ration has developed the Pockels Read Out Modulator which phase
modulates light transmitted through it. This device must be written
by a laser operating in thé blue~green portion of the spectrum. 2A
display concept using this device is shown in Fig. 3.7(b). Future
theoretical work on the synthesis of multi-view holograms will be
coordinated with an analysis of available technology to determine

achievable goals.

3.3 Experimental Confirmation of Electronic Heterodyne Recording

In the previous section the theory underlying the electronic
. heterodyne recording of holograms was developed; in this section
experimental invegtigation of electronic heterodyne recording

principles will be reported.

3.3.1 The Experimental System. The optical arrangement used

for testing the heterodyne detection concept is shown in Fig. 3.8.
The configuration is essentially that of a Mach-Zehnder interferom-

eter and is used to generate simple interference patterns from the
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interference of plane or spherical waves. Such simple interference

patterns are not to be confused with the more complex interference
patterns associated with optical holograms of objects.

In the system diagrammed in Fig. 3.8, beam expanders are used
to generate spherical wave fronts which are combined at the beam
splitter to create interference patterns similar to that shown in
Fig. 3.9. Note that this interference pattern is circularly sym-
metric and does not have a uniform fringe spacing. This pattern was
originally chosen to test the spatial frequency response of the
camera/detector/CRT recording system. However, to measure spatial
frequency response, the intensity of the interference pattern must
be uniform over the apeture of the camera--a feature which was found
to be impossible to accomplish with the small beam expanders avail-
able. Although. the interference pattern was not suitable to measure
spatial frequency response it did prove satisfactory to demonstrate
the principle of electronic heterodyne detection and replication as

well as to establish the basic parameters of the detection electronics.

3.3.2 Spectral Analysis of the Detector Output. A spectrum

analyzer was used td examine the output of the image dissector camera
(see Séecifications, Appendix I) used in the optical configuration
of Figd 5.83

The spectrum analyzer was first used to establish the noise
levels of the equipment. With the optical components securely fas-

tened to a massive vibration isolated optical bench and a glass case
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Experimental Data:
PAR 5202 Lock-In Amplifier, 100 Hz Bandwidth
Heterodyne Frequency = 100 kHz -,
Electro-Optic Modulator Drive = 2QQ volts p-p

Figure 3-9. Typical Interference Pattérn Recorded
In Test Configuration of Figure 3-8.
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enclosing the experiment, interference patterns remained stable over
periods in excess of ten minutes. (Ten minutes was simply the long-
est time period examined and it is probable that the interference
pattern is stable over much longer periods.)

The noise level of the Eamera output with no optical input to
the camera is presented in Fig. 3.10(a). This electronic noise was
found to be approximately -70 dbm (analyzer bandwidth = 10 kHz)
throughout the frequency interval 0-10 MHz. The camera response to
a stationary interference pattern, i.e., no modulation, is shown in
Fig. 3.10(b). Note that the noise is essentially flat to 10 MHz and
guickly decreases to a minimum at 20 MHz. This roll off corresponds
with the frequency response characteristics of the camera.

The frequency separation of cross-interference terms may be
observed by exaﬁiﬁing the camera output in the frequency domain when
the reference wave is phase modulated and the camera is not scanned.
The spectrum of the camera output for this situation is shown in
Fig. 3.11. Using a phase modulation frequency of 100 kHz the first

i : % A g
and second harmonics are easily discernable above the camera noise.
)
' »

&y
The first*iffrmonic is approximately 30 db above the noise level; the

. * .

second hafﬁonia, 15 db. This information by itself is not sufficient
to predict the guality of the hologram as recorded on film. Film
recordingi of‘interference patterns were made from the first and
second hérmdhic signals and, although the signal levels did differ

considerably, the recorded interference patterns were similar (see

Fig. 3.12). This experiment will be reported upon in more detail
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Spectrum Analyzer:
100 kHz/horizontal division
Reference level = -20 dbm
Bandwidth = 10 kHz
Horizontal Scan Rate = 0.1 sec/division
Optical Input:
None
Image Dissector Camera:
Not Scanned, Spectrum Analysis at a Single Point

(a) Camera Noise Spectrum For No Optical Input

Figure 3-10. Noise Spectrum Analysis of Image Dissector Camera
Output in the Test Configuration of Fig. 3-8.
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(b)

Spectrum Analyzer:
5 MHz/horizontal division
Reference Level = -20 dbm
Bandwidth = 30 kHz
Horizontal Scan Rate = 50 msec/division
Optical Input:
Unmodulated Laser Beam
Image Dissector Camera:
Not Scanned, Spectrum Analysis at a Single Point

Camera Noise Spectrum With Optical Input

Figure 3-10. (Continued)

)
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Spectrum analyzer:
50 kHz/horizontal division
Reference level = -20 dbm
Bandwidth = 1 kHz
Horizontal Scan Rate = 0.1 sec/division
Optical Input:
Reference Wave Modulated at 100 kHz
Electro-Optical Modulator Drive = 200 volts p-p
Image Dissector Camera:
Not Scanned, Spectrum Analysis of a Single Point

Figure 3-11. Spectrum Analysis of Camera Output For A
100 kHz Heterodyne Frequency in the Test
Configuration of Fig. 3-8.
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later in Section 3.3.3.1.

In all experiments using a spectrum analyzer the camera was
not scanned either horizontally or vertically. Only extremely slow
scan rates were usable with the heterodyne detectors investigated
and, as a consequence, the modulated signals were very narrow band

and not significantly different than the unmodulated waveforms shown

in Pig. 3.10.

3.3.3 Heterodyne Detection of the Camera Output. As seen in

the previous section, phase modulation of the reference wave creates
a spectrum of harmonics of the modulation frequency. This is in
accord with the theory of Section 3.2 which predicts an infinite
number of harmonics each of which is, in principle, capable of being
used to create a three-dimensional hologram. The current research
program is not yet sufficiently advanced to demonstrate the actual
recording of a complex hologram; however, heterodyne detection of
interference patterns has been demonstrated and the effects of
various sytem parameters have been investigated.

Commercial instruments capable of performing heterodyne detec-
tion are called lock-in amplifiers and have been used in electro-
optic instrumentation. A block diagram of a lock-in amplifier is
shown in Fig. 3.12. The major subsystems are a mixer (which may be
preceeded by a bandpass filter), a low pass filter following the
mixer to remove unwanted signals, and a local oscillator. The modu-

lation (heterodyne) signal serves as the local oscillator for the
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detection of phase modulated holograms.; A phase shifter is used to
maximize the amplitude of the detected signal. Newer lock-in ampli-
fiers have eliminated the phase shifter and measure magnitude and
phase directly. This is accomplished by using quandrature mixers
(local oscillators 920 degrees out of phase) and vectorially combin-
ing their outputs to yield the signal magnitude. The phase may be
similarily derived.

In general, lock-in amplifiers can be used only at reference
(heterodyne) frequencies less than 1 MHz. This immediately precludes
use of such instruments for real-time holography (the heterodyne
frequency must be at least 5 MHz to permit adequate signal band-
width). The only lock-in amplifier which can operate above 1 MHz
has such a small maximum signal bandwidth (100 Hz) that it is com-
pletely unsuitable for hologram acquisition. The technical specfi-
cations of some commercially available lock-in amplifiers are
tabulated in Appendix 3.1. Because of the lack of suitable commercial
heterodyne detectors a detector capable of operating in the fre-
guency range 5-20 MHz with signal bandwidths up to 5 MHz is under

development.

3.3.3.1 Detecting interference patterns with a PAR HR-8. The

HR-8 is a commercial lock-in amplifier manufactured by the Princeton
Applied Research Corporation. It can be operated at a maximum het-
erodyne frequency of 150 kHz with a maximum signal bandwidth of

10 kHz. The resulting performance is too restrictive for the
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acquisition of real-time holograms. The capabilities of the HR-8
do, however, permit the examination of the heterodyne holography
concept.

The HR-8 was used to record the interference pattern of Fig. 3.9
for a variety of camera scan rates and signal bandwidths. The re-
sults are shown in Figs. 3.13 and 3.14. The phase shifter of the
HR-8 was adjusted to maximize the detected signal/noise ratio for a
camera scan velocity of 12 cm/sec and a detector signal bandwidth of
10 kHz. The signal input to the CRT film recorder was adjusted to
1 volt p-p to keep the beam intensity within the linear range of
the CRT (H-P 1333A). No further adjustments were made as the
camera recorder scan velocity and HR-8 bandwidth were varied.

Referring to Fig. 3.13, it can be seen that as the camera scan
velocity decreases, the spot brightness increases. This results in
the recorded film being overexposed with attending loss of detail.

A similar result occurs when the detector bandwidth is decreased.

As the detector bandwidth decreases, high frequency components of

the interference pattern are lost through filtering and the resulting
recorded interference pattern appears smeared, as shown in Fig. 3.13.
These effects are more apparent in Fig. 3.14, which shows the detector
output corresponding to the central scan line of the recorded
interference pattern.

The HR-8 lock-in amplifier was used to compare heterodyne
detection at the first and second harmonics of the modulation fre-

quency. From (3. 7) the expressions for the first and second harmoic
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signals in an in-line geometry are, respectively,

S1 = =2 RJl(G) E sin Qix (3.24)
and
S, = -2 R3, (8) E sin Q.x (3.25)

where the reference wave amplitude R is assumed to be constant.
Neglecting the spectrum of the scene, i.e., the summation over 1i ,
the first and second harmonic signal amplitudes are simply related
to the circular Bessel functions Jl(ﬁ) and JZ(G) . The ratio
will depend upon the value of the modulation index ¢ . The values
of Jl(ﬁ) and Jz(ﬁ) are plotted on a relative scale in Fig. 3.15.
The first harmonic is more interesting from an engineering viewpoint
because it provides a greater S/N (signal-to-noise ratio) for agiven
modulation index.

Results for the experimental configuration of Fig. 3.8 are
presented in Fig. 3.16. The camera was scanned across a single
horizontal line (at the center of the camera apeture) and the peak
signal recorded. Comparing Figs. 3.15 and 3.16, it can be seen that
the behavior of the detected first harmonic agrees reasonably well
with its predicted behavior; however, there is significant disagree-
ment between the theoretical and experimental behavior of the second
harmonic term. This is attributed to the upper 3 db point of the
lock-in amplifier being the same as the heterodyne frequency used

for these experiments--150 kHz .
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Figure 3-16. First and Second Harmonic Signal Amplitudes Vs. EOM
Drive Voltage, fH=75 kHz.
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A direct comparison of the heterodyne detector output for first
and second harmonic detection is shown in Fig. 3.17. In general,
the waveforms are similar but not identical, and the S/N is lower
at the second harmonic than at the fundamental. This is in accord
with the results of Section 3.3.2. It is interesting to note that
although the S/N at the second harmonic is much lower than at the
first harmonic, the recorded interference patterns are very similar
(see Fig. 3.11), indicating the difficulty in predicting the quality

of a reconstructed image by simply analyzing waveforms.

3.3.3.2 Heterodyne detection using a PAR 5202. The Princeton

Applied Research Model 5202 lock-in amplifier covers an operating
range of 0.1-50 MHz, which includes the range of frequencies of
interest for real-time hologram recording. However, the maximum
bandwidth of the lock-in is only 100 Hz which so restricted the
video scan rates usable that a single interference pattern took
over 10 minutes to record with the Model 5202. (The Model HR-8 of
Section 3.3.3.1 took 10-30 seconds using a detector bandwidth of
10 kHz.) As a result the lock-in amplifier bandwidth versus scan
rate performance was not examined. Instead, this lock-in was used
to examine the detected interference pattern as a function of het-
erodyne frequency. Results for heterodyne frequencies up to 5 MHz
are reported in Fig. 3.18. 1In general, the detected interference
pattern did not change significantly except for a freguency depen-

dent d.c. offset in the lock-in output. This d.c. offset was nulled
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out and the a.c. waveform recorded to produce Fig. 3.18.

The uniformity of the detected interference patterns for
heterodyne frequencies up to 5 MHz is in accord with the noise
spectral analysis of Section 3.3.2. The more interesting hetero-
dyne frequencies above 10 MHz, where the system noise is decreasing,
were not measured due to frequency limitations of the electro-optic

modulator drive electronics.

3.4 Summary and Remarks

A theory of electronic recording of optical holograms that is
compatable with existing television technology has been developed
and preliminary experimental evaluations have been performed. This
concept, known as electronic heterodyne holography, utilizes phase
modulation of the hologram reference wave to produce a time-
dependent holographic interference pattern. This interference
pattern is created in an in-line (Gabor) geometry so as to place
the image terms within the resolution capabilities of the camera.
Creating a hologram in this manner results in spatially overlapping
self- and cross-interference terms; however, these terms are separa-
ble in the frequency domain because of the phase modulation. A non-
integrating camera and heterodyne detection may be used to select
only the cross-interference term which may be electronically pro-
cessed and converted back into an optical image by an appropriate
display device.

Experimental verification of electronic heterodyne holography
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has been undertaken. A ITT Image Dissector camera has been used
with commercial lock-in amplifiers to record simple interference
patterns in typical hologram recording geometries. Detection of
first and second harmonic signals was done to provide confirmation
of the separation of self- and cross-interference terms via phase

modulation of the spatial reference wave.

This experimental work will be continued to the actual recording

of a hologram of a three-dimensional solid object in the geometry
of Fig. 3.1(b). This experiment is currently being assembled and
results are expected within several months. Concurrently, a spe-
cialized instrument for real-time acquisition of holograms is under
development (Appendix II).

The possibility of real-time recording of holograms will be
the basis for additional theoretical work. In particular, two
avenues of research are anticipated: One, electronic processing of
recorded holograms; and, two, real-time holographic display of re-
corded holograms. The electronic processing of holograms will con-
centrate upon the synthesis of wide-perspective holograms from
several narrower perspective electronically recorded holograms.
Recent developments in spatial light modulators make the real-time
display of holograms a definite possibility. Commercially available
spatial light modulators will be examined with regard to their
potential use as real-time displays for electronically recorded

holograms.
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In conclusion, electronic heterodyne holography appears to be
a viable technique offering unique opportunities for electronic pro-
cessing and display of three-dimensional images in a television-like

format.
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Appendix 3.1

EQUIPMENT SPECIFICATIONS

A3.1.1 Image Dissector Camera

The Image Dissector camera used in the hetrodyne holography
experiments reported in Chapter 3 is a type F5005 manufactured by
ITT Electro-Optical Products Division. The F5005 camera uses a
F4011 magnetically focused, magnetically deflected photomultiplier
tube having a S20 spectral response. The F4011l tube is essentially
a X-Y scannable photomultiplier tube with a 1.0 inch diameter
photocathode.

The anode photocurrent is converted into an output voltage by
an internal amplifier with a bandwidth of 250 kHz. For hetrodyne
holography applications this integral amplifier was replaced by a
wide-bandwidth amplifier. It is the response of this amplifier
(-4db @ 10 MHz) that limits the camera's overall frequency response
as the F40l11 tube is usuable to approximately 25 MHz.

The excellent high frequency response of this tube combined
with the wide bandwidth video amplifier allow the camera to be used
at hetrodyne frequencies greater than 5 MHz, a prerequisite for real-
time recording of holograms (using NTSC scan formats and rates).
The spatial resolution of the F40ll is extremely good (-3db @ 40
line pairs/mm) and is usable to 70 line pairs/mm.

The manufacturer's specifications for a typical F4011/F5005

are reproduced in Table A3.1l.
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Table A3.1 SPECIFICATION OF ITT F40l11l IMAGE DISSECTOR TUBE

F4011/F4011RP

VIDISSECT!
IMAGE DISS!

@ High Resolution
65—75 Lp/mm Limiting

® High Photocathode Quantum
Efficiency

@ Non-Storage

® Low Dark Current

Typically 10 10Amperes at
5 x 10° Gain

@ Wide Dynamic Range
109 Amperes
> 105 Amperes

® Low Power Requirements
o Rugged Construction

@ Electron Counting Capability

F4011/FA011RP 8-70

ELECTRO-OPTICAL PRODUCTS DIVISION ITT

GENERAL DESCRIPTION

The F4011 and F4011RP are 1-1/2 inch diameter,
magnetically focused, magnetically deflected image
dissectors. These image dissectors are available with a wide
variety of aperture shapes and sizes having dimensions from
0.0005 inch to 0.30 inches. Photocathodes of the S1, S11,
§20, and S25 types can be provided. Each tube is supplied
with an individually measured absolute spectral response
curve,

The F4011 RP is used in applications which require
very low dark rates as in pulse counting, or whenever
faceplates other than clear glass are required such as fiber
optics, quartz, or MgF,.

The salient features of the Vidissector image dissector
are its inherently high resolution, determined primarily by
the size and shape of the aperture; nonstorage, allowing
random or variable scan rates without changes in the signal
amplitude, reliable operation because of simple rugged
construction and lack of a thermionic cathode. The
Vidissector camera tube also has a linear dynamic range of
several orders of magnitude, and a Poisson—like pulse height
distribution in the single photoelectron counting mode.
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Table A3.1 (continued)
MECHANICAL CHARACTERISTICS GENERAL CHARACTERISTICS
Aperture Size Photocathode . ......... T P Semitransparent
sw (Noie 1) ....0.001 Inch # 0.0001 Inch Round Spectral Response (Note 6)
.......................... 0.0005 Inch L e (11 |
Mum\n () 5 o R 0.300 Inch FOOLRP............ 8§20 (High Conductivity)
Dilamenes ... co. .. e e o 1.03 £ 0.03 Inch
Faceplate ............. Flat, Surfaces Parallel + 0.001 Inch Quality Diameter (Note 7) .................. 0.825
Material (Note 3) .........Boroslicate Glass, Coming  Aperture Collection Efficiency (Approximate) (Note 8) . 65%
. 7056 or Equivalent PamalgMethod ... .o oo R b Magnetic
Thickness Deflscon Mool < - . . ..o o 08000 e wsiianian's Magnetic
L, || S N L et 0.080 + 0.005 Inch
PMIRE ..l i d 0.125 £ 0.005 Inch Multiplier
BORCIE ... cviviimais SRR Box and Grid
Physical Dimensions Stages(Note 9) .............. SO SR 10
Overall Length ........... P o 8.20 Inch Internal Divider
Bulb Diameter .. ............... 1.500 Inch Max. OD Resistors (Note 10) ........... 7 — 2.5 Megohm
Maximum Diameter (Note 4) 1/8 Watt, 1%
| f o B SRS, e e 1.54 Inch Materlal . .....0 o e Ag—Mg
o R e i 1.56 Inch
Weight (Approximate) ................. 5.5 Ounces Interelectrode Capacitance
L e 14 Pin — See Figure Anode in all Electrodes .................... 2.5 pF
B&Connmtor (Note §)..... ITT — 4711619 (Teflon) AnodetoDynode 10 ..................... 1.4 pF
Burroughs — SK112 Mica-phenolic
Operating Position ............., teersaeses. ARy
MAXIMUM RATINGS (ABSOLUTE MAXIMUM VALUES)
TYPICAL OPERATING CONDITIONS Average Photocathode current density (Note 11) . ... .. ... =
(Voltages With Respect to Drift Tube) Peak anode current(Note 12) ................... 0.5 mA
Average anode current (Note 12) ..........., e 0.3mA
PIRBCEINGIE 7.2 e e b e —600 Volts Photocathode to anode voltage . . .............. 3000 Volts
Dynode 1 (Notes 13, 14) ................. 0to —40 Volts Drift tube to photocathode .................. 1000 Volts
Dynode 2(Note 14) .................... 0 to +140 Volts Drift tube todynode 1 ..................... 1 100 Volts
Anode NGl 18) oo oo oot e 1400 Volts  Between any pair of dynodes .................. 250 Volts
Anode with Respect to Dynode 10toanode . ...............ooonnn... 500 Volts
Dynode 10(Note 15) ............ +30 to +200 Volts domperie . 70°C
Focus field strength (Note 17) .................. 40 Gauss
FaoIl FAQIIRP
[y | - - e ’ ‘
L j 3 :JE
o g --lllmmfy E_R 2. 1 LSS A WA Lo L T L Y
Figure 1a Figure 1b

2, F4011/F4011RP 9-70
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OF FOOR Q

ORIGINAL PAGE [S
ALIALITY

PERFORMANCE CHARACTERISTICS AT § x 105 GAIN FOR A 0.001 INCH APERTURE TUBE (NOTE 18)

Electron multiplier voltage required for specified gain

Dark current at specified gain
Multiplier bandwidth (-3 db)
Noise factor

Photocathode luminous sensitivity
s11

§-20 (high conductivity)

Photocathode radiant sensitivity
§-11 at 440 om
$-20 (high conductivity) at 420 nm

Resolution (Percent Modulation)
1000 TVL/inch center
1000 TVL/inch edge
1600 TVL /inch center
1600 TVL/inch edge

Uniformity
Photocathode (quality diameter)
Output (quality diameter)

F4Oil, F4OIIRP

3 F4011/F4011RP 9-70

NOTES MINIMUM TYPICAL  MAXIMUM
19 1000 1400 2000 Volts
o 1010 5 x 109 Amperes
20 = 22 MHz =
- 40
21,22
30 40 pAflumen -
120 150 yA/lumen -
2
— 32 mA/Watt -
= 55 mA/Watt -
23
— 60 =
= 40 -
3 20 X
e 10 -
7,24
98 + 5%
13 85+ 15% 90 10% -
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Table A3.1

(continued)

NOTES

The F4011 and F401IRP are svailable with aperture
sizes and shapes varying within the dimensional limits
of 0.0005 inch and 0.300 inch. Most round apertures
are available in 0.001 inch increments up to 0.020 inch
and 0.01 inch increments up to 0.100 inch. One time
artwork and tooling costs may be involved if
specialized sizes or shapes are required.

For sperture sizes greater than 0.060 inch the
multiplier output may vary as much as + 25% when a
0.001 inch spot of photoclectrons scans inside the
aperture.

The F4011RP is also svailable with fiber optic, quartz
and MgF; faceplates.

Incindes the photocathode contact and flying lesd.

A teflon socket, ITT P/N 4711619 i normally
mpplied with each twbe The Bomoughs SKil2
(modified) can also be supplied if requested.

The F4011 is also available with an S1 photocathode.
The F40IIRP is also available with an S25
photocathode. Use of MgFy or quartz faceplates and
§20 or S25 photocathodes can provide as much as
20-30% QE. at 254 om. For details, please consult
ITT-ETD Tube and Sensor Laboratory.

This is a convenient diameter over which resolution,
uniformity, and geometrical distortions will be
specified.

This is the spproximate transmision factor of the
photoelectron accelerator mesh. Higher transmission
meshes, up to 80 or 90%, can be provided in large
aperture tubes with an accompanying loss in definition
of the aperture edge.

Fewer number of dynodes can be supplied on special
order. See Note 10.

Because of the limited number of pins in the tube
base, it s necemary to include a portion of the
electron multiplier voltage divider inside of the tube.
The standard configuration is 7, 2.5 megohm, 1/8 watt
carbon film resistors. A 9 stage electron multiplier can
be provided without internal resistors.

The maximum recommended photocathode cument

densities averaged over the entire photocathode area
for 1 second are:

B e s 1 pA/em?2
A e R 3 pA/em2
§-20 (high conductivity) . ........ 510 Ajem?

......................... 5-10 pA/em?

12

13,

14.

15,

16.

17.

18.

19.

2l

For a maximum of 10% departure from linearity of
output current vs input flux the dynode voltage divider
has ratios of 1:1:1: ... 1:1:5:3. The last two dynodes
are bypassed or connected to power supplies. This
limit is achievable only in tubes with a maximum of 4
inteal resistors and all resistors located before
dynode 6.

A negative potential on dynode 1 prevents secondary
electrons formed inside the drift tube from entering
the aperture and striking dynode 1. If allowed to enter
the aperture and strike dynode 1, these secondaries
appear at the anode as a non-zero signal in the black
portions of the image.

Provision should be made to allow static adjustment of
dynode | and 2 potentials over the range indicated in
order to minimize the output shading.

Adjusted for maximum multiplier gain. In genenal,
lower dynode 10 voltages favor increased multiplier
gain. The limit in dynode 10 voltage reduction is set
by the linearity requirements at high signal currents.

For s nominsl § x 105 gain.

First loop focus. Use of second loop focus (~ 80
Gauss) results in improved resolution off axis, reduced
sstigmatism, and better geometrical scan accuracy with
increased power requirements.

Using ITT F4533 or F4534 Deflection Assembly.
Using dynode voltage divider shown.

By frequency spectrum analysis of the photocurrent
shot noise at 100 volts/stage. The last three dynodes
are bypassed by 0.05 ;. This measurement was made
on tubes having two internal resistors between dynodes
4, 5 and 6.

For this test, the light incident upon and normal to
the plane of the photocathode is 2854°K color
temperature tungsten lamp radistion, genenslly 0.1
lumen.

Minimum Typical
sl 12 pA/lumen 20 pA/lumen
$25 150 pA/lumen 200 pA/lumen

Each F4011 and F4011RP sold by ITT is supplied
with an individual measurement of photocathode
sensitivity in mA/watt vs wavelength and pA/lumen,
each traceable to the National Buresu of Standards.

Measured using a square wave bar chart.

The 100% region usually occurs in the central portion
of the scanned area and the 70% occums around the
periphery. The curvature of the shading is usally of
one sign. Output uniformity includes cathode

uniformity.
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The F5005 camera contains a F40l1ll1l tube with all necessary
focusing and deflection electronics. Low level signals (+10 volts)
are sufficient to scan the camera tube over its entire apeture. For
the experiments described in Chapter 3 the camera was scanned over
a non-interlaced grid of 256x256 picture elements. The appropriate
scanning signals as well as blanking were digitally produced and
applied to the camera control inputs via digital/analog converters.
The conversion time of the presently used digital/analog converters
limits the camera's recording speed to approximately ten 256x256

picture element holograms/second.

A3.1.2 The Hetrodyne Detector (Lock-In Amplifier)

Two hetrodyne detectors, or lock-in amplifiers, have been used
to record simple interference patterns as described in Chapter 3.
These particular lock-in amplifiers are the Princeton Applied Research
Models 5202 and HR-8. To be usuable for NTSC format recording of
holograms at television rates a lock-in amplifier would be required
to have a frequency range of 5-15 MHz with a bandwidth of 4.5 MHz
(0.22 micro second time constant). Such a lock-in amplifier is also
desirable for reducing hologram recording time minimizing suscepti-
bility to acoustic noise and mechanical vibrations. Referring to
Table A3.2, a tabulation of the performance specifications of com-
mercially available lock-in amplifiers, no lock-in amplifier meets
these particular performance specifications. The Princeton Applied
Research Model 5202 can operate at frequencies as high as 50 MHz but

has a bandwidth of only 100 Hz (time constant = 0.0l second). This
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Table A3.2 SPECIFICATIONS OF COMMERCIAL LOCK-IN AMPLIFIERS

Compenyand  Input Input
Modsl sensltivity modes

range
;‘P (Hz) rengs
Knithiey L
0 w1 +, -, 10-10° 4+, =, 0.000-%0 Mo
differenial, x,
tuned, external
widsbend phess
Brookdes!
500 10405  high-snd 20 normal, 2.6x 107900 Neo
fow-pess %,
firers intemal
9506 W05 nomal funds 02-2x 10" nomal, 2x 10°-¥00 Mo
mental only, ens- ¥,
log or digital cor- memal
relaton, high- and
low-pess fiters.
North Cosst
854 01 #c, de 0.55x 10" ac/de,  0.1-900 Yo
bandpass .
thaco
386 101 ditferantial 1010 10-300Hz, 0.0025-8 No
0.3 10xHz
|IA 101 normal, 0.1-10* intenal, 1.28x 10125 Mo
low drift, oxtemnal,
high dynamic F-4
range, “noise”
BWTEO w1V 10-10° normael  0.0025-25 Yes
100 pA-10 A | (current)
10nA-1ma | x 1000
3 103 normal highQ,  0.1-2x 10" imemal, 1.25x 10128 No
max stabsity external,
normal low Q, 2
max noise
roRCcTOn
Princeton Applied
6101 10025 normal w0 ;lml 0.001-30 No
128A 100225 fm, 05100 normel,  0.001-100 No
low pess, F-4
high pess.
differanvel
2m W05 fat 05100 intermal,  0.003-100 No
notch fier, oxtemal,
Input x 10, 1.2
differential
5204 (smma as for 5203, but with 2-phase detection)
A 1005 lowpsssfiees, 5100 Y 0.03-30 Yea
differantiel
12 plugin high and low fiter 0.2-2.1x ¥ intemal, 0.001-300  Neo
preamp  sslectable external,
selectabie b4
005
typical
2 10’025 single WEx T sgne-  0.01 No
wee 0.1
ssiacy 1
trigger- 10
siope
sslect
1244 preomp it 221x %W intermal, 0.001-300 Yo
ssiectable notch, wxtemal,
high pass ]
low pess,
bendpass

1886 Bendpess prefiner,  Frequency monitor
fine-notch filter
6285  Speciskty preamps, Stabiity-resohution
tradieof!, transient
m SO EASON
sutorenging. more  2-phase
#1685 imer-  Complete pro-
faces, 2:1 fre-
quency-range cards
#1885  Preamps, ratio k detec-
computer tion
Fi Heterdyne, tunasb
puter
$2496  Ratio computer Hetsrodyme,  2-
phase  detection,
continuous  gain
control, digral
panel meter
6343  Retiocomputer,  Heterodyne, stabd
nose ., ity-resohut
phase measurement tracdeof!
NI Tuned signai chan  Output postfilter
nel, internal osc-
lator, resr BNCs
91880 Tuned signal chan-  Basic performance
nel, internal osci-
Istor, monitor
output
Ratio computer,  Heterodyne detec
tured smpiffier. tion
§2386  Vector/noise 2-phase detection
meesurerment
$2960  Internal oscillstor  Stablity-resokution
wradeof!, hetero-
dyne detection,
phase-sensitive de-
tector with ac out-
put
$3E30-  Selection of Stabiity-reschution
810 preamps i, seiectabie
(including integrate mode
preamp)
885  Vector phese, retio  High
computer range, 2-phase de-
Wcton
0% Selection of Sembilirty-resohution
[ ~7-Y pr Lo “,m
(inchuding oscillator, tunable
preamp) bandpass fier

*
Reiser, Chris,

1978, p. 68.

"Trade off with lockins," Laser Focus, October
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instrument was used to record simple interference patterns with the
results of Chapter 3 and represents the highest frequency lock-in
amplifier commercially available. A complete list of its performance
specifications may be found in Table A3.3.

The Princeton Applied Research Model HR-8 is no longer commercially
available but has the widest bandwidth available (10 kHz with time
constant=0OFF). BAmong the lock-in amplifiers tabulated in Table A3.2
only the Ithaco 391A has a comparable bandwidth (8 kHz). The complete

specifications of the Model HR-8 are presented in Table A3.4.
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Table A3.3 SPECIFICATIONS OF PRINCETON APPLIED RESEARCH
MODEL 5202 LOCK-IN AMPLIFIER

SIGNAL CHANNEL
FREQUENCY RESPONSE: 100 kHz to 50 MHz

GAIN BANDWIDTH LINEARITY: Flat, from 300
kHz to 10 MHz, to within 0.5 dB

SENSITIVITY: 8 full-scale ranges from 100 uV to 250
mV in 1-2.510 sequence. Two output expansion
ranges of X1 and X10 increase the overall sensitivity
to 10 uV full scale.

INPUT: Single-ended, with auxiliary ground lug
INPUT IMPEDANCE: 50 £, VSWR <1.2

MAXIMUM ALLOWABLE INPUT SIGNAL: 5V rms
or 10,000X full scale (whichever is less)

MAXIMUM INPUT BEFORE OVERLOAD: 200X full
scale; expandable 1o 2000X full scale

INTERNAL NOISE: Less than 10 nV/Hz%: 100 kHz
10 50 MHz

COHERENT PICKUP: Less than 5% of tull scale worst
case (50 MHz on the most sensitive range)

GAIN STABILITY: Better than 0.2%/ °C

REFERENCE CHANNEL
FREQUENCY. RANGE: 100 kHz - 50 MHz in 9
overlapping ranges, selectable with front-panel switch.

INPUT REQUIRED: The reference channel locks to
virtually any external voltage having amplitude excur-
sions of at least 300 mV pk-pk. Front-panel reference
and slope pushbutton controls enable phase lock to
optimum point of the reference waveform. The
front-panel REFERENCE UNLOCK lamp indicates
the absence of a proper reference input.

REFERENCE INPUT IMPEDANCE: 50 Q (nominal)
MAXIMUM INPUT LEVEL: 5 V peak

PHASE ADJUSTMENT: A calibrated ten-turn poten-
tiometer provides O - 100° phase shift. The accuracy
of the phase shift is 5° with a resolution of £0.1°. A
four-position Quadrant switch provides 80° phase shift
increments sccurate to 5°. NOTE: Owverall phase
sccuracy of instrument is £15°.

PHASE NOISE: Less than 0.035° pk-pk (100 kHz to
50 MHz; 10 ms time constant)

REFERENCE ACQUISITION TIME: 0.1 s max.

PHASE-SENSITIVE DETECTORS

DESCRIPTION: The Model 5202 featurss two fully-
independent Phase-Sensitive Detectors (PSD's) driven
by orthogonal reference signals. Each PSD is provided
with its own ZERO OFFSET, OUTPUT EXPAND,
and TIME CONSTANT controls, allowing sach to be
independently optimized for the signal undergoing
analysis. Wide variations between in-phase and quadra-
ture signals can therefore be readily measured.

DYNAMIC RESERVE: Defined as the ratio, at the
input of the Model 5202, of the maximum peak signal
(non-coherent and outside the passband) that can be
applied without overload, to the peak coherent signal
required for full-scale output. The QUTPUT EXPAND
switch permits output stability to be traded for
overload capability, as indicated in Table I1-1.

OUTPUT EXPAND OUTPUT STABILITY DYNAMIC

SETTING (%/°C of Output f.1.) RESERVE

x1 0.05 200X FS
X10 0.50 2000X FS

NOTE: FS = full-scale sensitivity setting divided by the
output expand setting.

Table 11-1. DYNAMIC RESERVE AND OUTPUT STABILITY

AS A FUNCTION OF OUTPUT EXPANSION

FILTER TIME CONSTANTS: The two outputs are
provided with switch-selectable choices of four time
constants, 10 ms, 100 ms, 15, and 105, plus a MIN.
position in which the time constant is less than 1 ms.
An additional dc prefilter switch inserts a 250 ms filter
after the main Time Constant filter.

DC ZERO OFFSET: Calibrated 10-turn potentiometer
is provided for each channel permitting up to £10
times full scale to be suppressed. Suppression polarity
selected by front-panel pushbuttons.

OuTPUTS

METER READOUT: Two meters are provided, one
for each channel. They are calibrated to provide
full-scale deflection with a properly phased full-scale
signal at the input. The left meter can be switched to
monitor the in-phase signal, or, if the Vector Phase
option has been installed, the vector magnitude. The
right meter monitors either the amplitude of the
quadrature signal or the phase of the input signal with
respect to the applied reference (Vector phase oprion
installed). Either meter can monitor the amplitude of
a dc signal (externally derived or output of Ratio
option, if installed) applied to a rear-panel connector.
External Meter mode sensitivity is 1V fs. (100 pA
movement through 10 k(2).

RECORDER OUTPUT: Front and rear-panel | and Q
OUT connectors are provided to interface to standard
recorders. Output is 1 V .5, through 600 (1°,

*Approximately B kil in early unis.
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(continued)

RATIO OUTPUTS: Rear-panel BNC connector out-
puts are also provided for the Vector Phase and Ratio
Options as described under OPTIONS.

ACCESSORY INTERFACE: A rear-panel card-sdge
connector allows peripheral instrumentation to be
powered from the Model 5202. +15V, =15V, and
ground are provided.

GENERAL

INDICATIONS: Six front-panel indicator lights define
the operating states of the lock-in amplifier.

(1) OVERLOAD: Indicates that an overload condi-
tion exists in one or more of the critical amplifier
circuits.

(2) UNLOCK: Indicates lack of an adequate external
reference signal as defined in the reference
specifications, or that the frequency range setting
is incorrect.

(3) OUTPUT EXPAND: Indicates that the input
sensitivity is increased by a factor of ten. One
indicator is provided for each output channel.

(4) NEGATIVE PHASE: In units equipped with
Vector option, indicates that Input Signal lags
Reference Signal (Phase controls to 0°) by angle
in range of 0° to —180°.

(5) ERROR: Indicator lights if wvector magnitude

and/or phase buttons are depressed and any of
the following conditions exist.

(a) In-phase and quadrature time constants are
not equal.

{b) In-phase and quadrature output expansions
are not equal.

(e) All Time Constant pushbuttons released
(gives time constant of nominally 1 ms).

(d) Output Offset in use.

(e) Vector option board not installed.
AMBIENT TEMPERATURE RANGE: The instrument
can be operated at temperatures ranging from 15°C to
45°C.

AUXILIARY POWER QUTPUT. A rear-panel connec-
tor provides 15 V {100 mA) and ground.

POWER REQUIREMENTS: 100 10 130 or 210 to 260
V ac, 50 to 60 Hz; 50 watts.

SIZE: 17-1/2" W x 512" Hx 191 2D (445cmW
%x139cmH x49.5em D).

WEIGHT: 35 'bs {15 89 k3.,
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OPTIONS

MODEL 520295 VECTOR PHASE OPTION: Direct
meter readout of the computed magnitude and phase
sngle of the input signal with respect to the reference
input. Full continuous 360° phase measurement is
sccomplished by means of a front-panel meter and a
negative phase indicator lamp. Rear-pane! MAGNI-
TUDE and PHASE output BNC connectors are pro-
vided, allowing convenient monitoring or recording
Vector Phase specifications follow.

(1) PHASE ANGLE OUTPUT VOLTAGE: 1.8 V shead of

6002 for 180°; Linearity $0.2°: sccuracy %0.2°:
Transfer function of 10 mv/°.

(2) MAGNITUDE OUTPUT VOLTAGE: 1V fs.
ahead of 600 §2; Linearity £0.1%; Accuracy +1%.

MODEL 5202/96 RATIO OPTION: Option operates
on dc levels (A & B) applied to rear-pane! connectors
and computes A/B, log A, or log A/B, as selected with
a rear-panel toggle switch. Applied inputs can be | and
Q outputs. Computed function is provided at rear-
panel Ratio OUT connector. Ratio can also be
indicated on front panel meter by making use of the
EXTERNAL METER Input capability. Ratio specifi-
cations follow.

{1) Input Voltage Range: 10 mV - 1V

{2) input Offset (maximum): £250 pV

{3) Input Offser Temperature Coefficients: 215
uv/°c

{4) Output Voltage: LINEAR, +1 f.5. (unity); LOG,
0.5 V/decade with +0.5 V of offse1.

(5) Log Range: 3 decades

(6) Ratio Accuracy: A function of the denominator
voltage as follows. For A/B, 204% from B =
01VioB=1V;24% fromB=001V 1o B =
0.1 V. For Log A, computed function is within 2
mV of correct value. For Log A/B, computed
function is within 2 mV fromB =01V 1w B =
1 V; computed function is within 10 mV from B
=001 VioB=0.1V.

ACCESSORIES

MODEL 115 HIGH FREQUENCY PREAMPLIFIER:
Refer to P.A.R.C. literature T220D and TN115 for
complete specifications on the Model 115 preampli:
fier.
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Table A3.4 SPECIFICATIONS OF PRINCETON APPLIED RESEARCH
MODEL HR-8 LOCK-IN AMPLIFIER

INTRODUCTION:

The PAR Model HR-8 Precision Lock-In Amplifier
is essentially a detection system capable of operating
with an extremely narrow equivalent noise bandwidth.
Its function is to select a band of frequencies from
a signal spectrum applied to its input circuit and to
convert the information therein to an equivalent
bandwidth at dc. The basic element of a Lock-in
Amplifier is a phase-sensitive detector in which the
signal voltage is mixed with a reference voltage,
producing sum and difference frequencies. A low-pass
filter at the output of the mixer rejects the high fre-
quency components corresponding fo sum fre-
quencies, and passes the difference frequencies that
lie within its passband. In particular, the difference
frequency due to components of the signal at the
reference frequency is zero or dc. Difference fre-
quencies resulting from components of the signal
spectrum at frequencies differing from the refer-
ence frequency by more than the cut-off frequency
of the low-pass filter will be attenuated. Consequently,
the output from the low-pass filter will'be due 1o that
portion of the signal spectrum which lies about the
reference frequency within a passband determined
by the low-pass filter.

MAIN FRAME SPECIFICATIONS

FREQUENCY RANGE: Continuously tunable from 1.5
Hz to 150 kHz in 5 ranges. Calibration accuracy within
+5%.
NOISE REJECTION: A signal 59 dB below ambient
white noise in a 1 kHz bandwidth centered about
signal frequency can be recovered with a signal-to-
noise ratio of 1.
EQUIVALENT NOISE BANDWIDTH: 0.00125 Hz min-
imum (100 seconds maximum internal RC integrating
time, 12 dB/oct.)
FILTER TIME CONSTANTS: 0, 1, 3, 10, 30, 100, 300
milliseconds; 1, 3, 10, 30, 100 seconds and EXT.
position which allows capacitance to be acdded to
rear connector to obtain any desired time constant.
6 or 12 dB/octave roll-off selectable by front panel
switch.
ZERO SUPPRESS: Calibrated control permits off-setting
zero by =1000% of full scale on any range.
LINEARITY: =0.1% of full scale.
SIGNAL CHANNEL CHARACTERISTICS: Active notch
filter in negative feedback loop with nominal Q of 10.
Calibrated front panel adjustment allows Q to be
varied from 5 to 25 with no change in gain.
REFERENCE CHANNEL CHARACTERISTICS: The refer-
ence signal, by which the signal to be measured is
demodulated, is obtained by four modes of operation.
INTERNAL: Internal oscillator drives the demod-
vlator and presents a continuously variable 0-1 V
rms (open circuit) signal at the REF. IN/OUT Con-
nector. The source impedance is a constant 600
ohms,
EXTERNAL: Phase control not operable. Requires
externally generated signal of 1 V peak-to-peak
minimum level which crosses its mean value only
twice each cvcle with eaual time between crossinas.

SELECTIVE EXTERNAL: Externally generated refer-
ence signal filtered by tuned amplifier with a Q of
10, phase shifted and applied directly to demod-
ulator. Minimum of 25 mV rms signal required.
AUTOMATIC: Any waveform which crosses its mean
value only twice each cycle, and for which the
smaller of the two mean-to-peak excursions is at
least 500 mV. The instantaneous value of the
waveform must not exceed =100 volts.

PHASE ADJUSTMENT: Calibrated 360° phase shifter,
accurate to =5°. Differences in phase shift between
signal and reference channels may be in excess of 5°
on the X1 and X10* frequency ranges.
DC OUTPUT STABILITY: 0.1% of full scale in 24 hours
with constant ambient temperature.
OUTPUT (located on rear): Single-ended with respect
to ground. Panel meter (Y2% mirror scale with either
center or optional left-hand zero) full scale corresponds
to =10 volts at output terminal. Adjustment allows
output source impedance to be varied from 7K-22K
ohms which permits driving either =% ma recorders
with internal resistance less than 10 K or =1 ma re-
corders with internal resistance less than 3 K as well
as servo-type recorders.
MONITOR: A five position switch allows the panel
meter and monitor output ferminals 1o be switched
to SIGNAL, REFERENCE, OFF, MIXER (OUTPUT) and
OUTPUT 1o allow monitoring and adjustment of critical
ints.
INTERNAL CALIBRATOR: Provides 21 square wave
output levels extending from 20 nanovolts to 100
millivolts, accurate to within 1%.
NOTE: At frequencies above 50 kHz, calibrator out-
puts below 1 uV may be in error by more than 1%.
The use of external decade attenuators is recommended
for applications where this might present difficulty.
POWER REQUIREMENTS: 105-125 volts or 210-250
volts; 50-60 Hz; 25 watts.
SIZE: 19" wide x 7" high x 15%" deep.
WEIGHT: 41 Ib.
WARRANTY: 1 year.
PREAMPLIFIER SPECIFICATIONS:
GENERAL: These preamplifiers are intended for use
with the Model HR-8 Lock-In Amplifier. They can be
plugged directly into the Model HR-8 main frame or
operated remotely (with the purchase of a remote
adapter kit.) In either case, the preamplifier is powered
from and controlled by the Model HR-8. The follow-
ing specifications refer to the performance of the
individual preamplifier when used with the Model
HR-B.
TYPE A PREAMPLIFIER: The Type A Preamplifier is a
high input impedance low noise front end for the
Model HR-8 used to obtain optimum signal-to-noise
ratios for source impedances above 3 K.
SENSITIVITY: 21 ranges, from 100 nanovolts rms
full scale to 500 millivolts rms full scale, in a 1-2-5
sequence.
FREQUENCY RANGE: 1.5 Hz to 150 kHz.
INPUTS: Differential or single-ended. Common mode
rejection is in excess of 60 dB at 1 kHz.
INPUT IMPEDANCE: Each input to ground, 10 meg-
ohms shunted by 20 pf.

NOISE: High sensitivity seftings (100 nV fo 50 uV),
noise figure for either (single-ended) input shall be
better than 0.5 dB for a 100 k source at 1 kHz. For
low sensitivity settings (100 gV to 500 mV), the in-
ternally generated noise shall result in a meter de-
flection of less than 1% (RMS) of full scale with a
time constant setting of 1 sec 6 dB/oct., at any op-
erating frequency above 15 Hz. Refer to Fig. 1-1
for noise figure contours.
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4, SUMMARY AND CONCLUSION

This report has presented the result of a continuing research
and development program the objective of which is to develop a re-
duced bandwidth television system and a technique for television
transmission of holograms. The result of the former is a variable
frame rate television system (VFTV), the operation of which has
been demonstrated for both black-and-white and color signals. This
system employs a novel combination of the inexpensive mass storage
capacity of a magnetic disc with the reliability of a digital system
for time expansion and compression. Also reported have been the
results of a theoretical analysis and preliminary feasibility experi-
ment of an innovative system for television transmission of holograms
using relatively conventional TV equipment along with a phase modu-
lated reference wave for production of the original interference
pattern. Work which is expected to lead to a capability for pro-
duction of wide perspective holograms by combining several narrow

perspective views is proceeding at present.
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