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ABSTRACT
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The work covered In thig report was {ntended to explore preliminary designs and hardware
implementation which would yisld results to eventually provide a satisfactory design for a

RRTEE 1 Lo I

real-time improved color display.

The fundamental concept used in-this work is not new. - The sequential color approach used

wasg first introduced by CBS over 30 vears ago. The uniqueness of this approach involves
thie use of this concept along with projection optics to achieve significant advances in the

display area of high resolution, color purity, and brightness while inherently having perfect : K

registration. '
r
[n

The display development included the achievement of significant advances in the areas of

PRp Y

optical design. CRT phosphor, specialized deflection, and video circuit designs. This

i report summarizes the results of these developments and subsequent evaluation. Informa- '

tion was derived, as a result of the test bed that was developed, which outlines a design
[ capable of possible utilization as an airborne color displav.

~——
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T T T T U U INTRODUCTION e s :

Tke significance to the Air Force of this research and development is that it establishes an
operating high-resolution color display, memory and interface which can be used to explore
the advantages, benefits and limitations of color as a display tool for increasing operator

_effectiveness, - L . o L

1.1 BACKGROUND

Ever since the real-time display of high-resolution color (multispectral) sensor imagery
{ has been attempted it has been recognized that available color display techniques have been :
\

severely inadequate, This is especially true for the operation of a display in an airborne
f environment. The shadow mask CRT was Indicated as the best "all around” color tube :
( available, but itz performance was severely limited and apparently had no chance for sig- ]

E nificant improvement, Ower the years, several promnising attempta have been made to ex-
t ploit and develop other CRT techniques that up to that time had been only marginally

successaful,

In 1970, the Air Force Avionics Laboratory requested a study program for design and
] development of a tri=-color display, the end product to be a design concept supported by

experimental evidence and analysis,
pe k

! 1.2 OBJECTIVE

The objective of the study was to achieve improved color display capability through
study, investigation, and experimental analysis of techniques developed as a result of thia

program,
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PERFORMANCE =+

Phileo-Ford concurred with the Alr Force Avionics Laboratory belief that a significantly
improved color display system was needed. The belief was so strong that Philco-Ford has
expended over three times the financial resources provided by the Air Force under the

study contract.

In order to better understand this objective, an analogy must be made, If one were to relate
the performance specification goals as a function of possible implemented displays, the
aualitative relationship would be ag depicted above,

The relationship would esgentially be an iuverse relationship of performance ve available

or practical display implementations, Locatdon A represents the color displays available

at the 1n1tiation70f the study, Included in (his A" group would be the pres'ent available
chadow mask color monitors, The display developed for this studv and subsequently evalu-
ated is shown in position B. This sequential color display has improvad resolution and high
eolor purity, However, the data and gubsequent analysis leads to recommendations which
would enable improvement of the basic display, a display which would meet higher perform-
ance and is denoted by position C. This new display could be easily implemented by utilizing
many of the components now developed. Position D represents a congolidation of all the

desired goals of the sequential color display.

This report is a result of that display {mplementation and masgs refresh memory design,
1t 18 hoped that this is a primary step in the goal of eventually obtaining even higher per-

formance hardware,

Section 2.0 in this report describes a recommendation of a display which will be a major

gtep toward achieveing the goal of a high-res=olution color display.

‘i lr\

o
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- ---which-produces-s-variety ofotlor-dizplay patteTas 1o Fal

To enable a more meaningful study, Philco-Ford committed capital funds to design and
fabricate a high~resolution color test bed. This test bed contains apecial test equipment

~ Specifically, Philco-Ford developed or purchased the followlng major display items,

e Optics - An £/1.0 lens, considered state-of-the-art, which combines spead with

high modulation transfer apd tranamission,

e Projection CRT - A high voltage, high efficiency composite phosp@q{ tube using
" rare earth phosphers of high purity. o

e Color Optics - A custom color wheel with over 90% transmission charact. ristics
in each of the primaries.

¢ Color Test Generator - A sophisticated test simulator and MOF mass memory
refresh system capable of 9,000,000 bits of memory storage,

This report summarizes the results of the subsequent development and evaluation., From
the test bed developed comes the information and data which ocutline a design capable of
possible utilization as an airborne color display,

1.3 DESCRIPTION OF EXPERIMENTAL DISPLAY UNIT

The laboratory model display unit was designed as a working breadboard with ease of modi-
fication in mind, Hinged walls are provided on all but the front panel, Figure 1 is a photo-
graph of the unit with a stde panel folded dowm, On the panel closest to the observer are the
50 kV and the test generator logic power supplies. On the back panel is the card cage for

the test generator logic and display processing circuits, Under the card cage {s the display's

multivoltage power supply., On the opposite panel i3 the video projection amplifier adjacent
to the CRT neck, The CRT assembly, motor color wheel, and lens are located on a rigid
mount mounted to the display base, Not viaible {n the enclosed structure are two mirrors
mounted to the front panel that complete the folded optics svatem,

P Trmawars the & #play performanoce,




Flgure 1 Displav Unit with Side Panel Folded Down
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Figure 2 shows the display with the panels in the normal position. This packaging scheme
was utilized on the laborutory model where liberal access to all asremblies was required.

" Figure 3 Qho&s‘ﬁthéwr?gjld opﬁcal mount ﬁ}’htdb—contgins the CRT mcrunt, lens, aﬁd color
wheal, The color whee! is located between the 1irst and second element of the lens which
can be seen in more detall on Figure 4. A control is provided on the CRT carriage to
facilitiate mechanical focus, The display is exercised by the test generator. All controls
are provided on the front control panel shown in Figure 5,

_The most difficult hardware design areas were the color wheel and.the lens, _-The
difficulty in the color wheel was related to manufacturing process controls., The lens diffi-
culty was one of basic design. Section 5 outlines the design in more detail, Other difficult
design areas of the system involved the CRT phosphor selection, the video ampiifier design
and the deflection amplifier design. A complete discussion is detailed in Sections 4.0, .0,
and 7.0 respectively,

ELECTRICAL OPERATION

In this sequential color system, two interlaced primary color flelds comprise one primary

color frame, Each color fleld is made up of perfectiv registered sequential red, blue, and
green horizontal scans, The interface generates the horizontal and vertical synchronizing

pulses.

The first field is a primary full picture scan of every odd line while the second fleld is a
similar full picture scan displaced by one horizontal line to provide even iine interlacing,

Since 1000 visible lines of resolution for each primary are utilized, 500 lines will be active
on each interlaced field scan with 50.5 lines provided for each fleld retrace,

The primary parts of the display are the video circuits, color wheel control, vertical deflec-

Hon, horizontal deflecHon, high-voltage power supply, focus and CRT protection circuits.

The video syatem accepts low level signale in the format outlined in Section 6, 0 and con-
ditions and amplifies the signal information to drive the projeciion CRT, Video bandwidth is
approximately 60 MHz. Section 6.0 provides the discussion of the detailed design.







]

g

1

1

i

|

I

i

m
, 4 ,
.,_ , : ,,w 3 i
.. } “ (=] I
! S j B b
C 2 ;
P _ m.. I8
. , Q ,
| i o - !
! | o K
- B s !
) A
. m Gaw )
. il
' ! %% |

; i

W |
. ]

I ' 1
i

w | H

" |
|







!
!
.
!
!
i
j
g

(g

L TERY PATTERW SELECT

(e

Tigure 5 Front Control Panel




The color whesl control will sequence the color wheel rate and position to coincide with the
vertcal color fleld rate. Input is provided from the Hming and sync generation. The design
_ congiderations are disqugsed ip Sections 5.0 and 8.0.

"The CRT provides A white high Intenslty output and operates with an accelerating voltage of
40,000 volts, The image {8 magnitied by an F/1.0 lens and is projected onto a 14 inch

aQuare rear-projection acreen via two optical folding mirrors. The selection and design

of the lens was one of the most difficult tasks in the display development. A performeance 1
discussion as well as the final catalog desig~ is given in Section 5.0.
The vertical deflection technique utilized is a standard ramp generator driving a iinear ,1
amplifier. This amplifier design has been successfully proven in existing Philco-Ford
tactical display equipment.

S

[ S—

A difficult design problem existed for the horizontal deflecon system. The scan , :
speed must be approximately three times as fast as a conventional single color CRT Display J

cf the same resolution. The result i3 a horizontal line period of about 10,0 microseconds, 1
with 3.0 microseconds for the scan and 2.0 microseconds for the retrace. The difficulty ]
existed because of the large energy transfer required to reset the deflection coil in the short

retrace period. 3ection 7.0 outlines the design approach utilized in solving this problem. ] J

Focus contrels plus protection circuitry are also provided with the display unit. [n addition
to the detailed discussions of the individual color display design areas, a complete svstem
circult diagram 18 included in Appendix I,

1.4 EVALUATION OF LABORATORY DISPLAY UNIT

Paragraph 1.4.1 below lists the measured parameters, the specified requirements and the
resulis obtained on the experimental display constructed by Philco-Ford to test the design
concepts. In paragraph 1.4,2, the test methods and test set-ups are described for each of

the parameters of paragraph 1.4.1. A discussion of the test results comparing them with

the requirements iz given in Section 2,0 along with a discussion of the ultimate performance

attainable with this tvpe of displey, and specific improvements possible on the experimental
display constructed by Philco-Ford. !

10
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1.4.1 Test Results

See Table 1-1,

~1.4.2 "Test Methods and Test Equipment Set-ups ~ ~— — ~— T o

The teat methods and set-ups are described briefly for the tests itemized in Table I,

|
|
|
‘ \
b JRTGLTNI METEIE 1T UL SO W Ya

1.4.2,1 Screen Size, The screen size was measured with a standard ruler with 1716 grad-

uations. S . - b

1.4.2.2 Spatial Frecquency Response. The spatial frequency response was measured using

a Gamma model 2020 photometer readout and a microphotometer with a scaming eyepiece to .

read the light distribution in the horizontal and vertical directions. r
LY

To measur 2 the modulation in the vertical axis, the odd or even field was blanked from the

video creating a 500 line pair raster pattern which just filled the screen height, The Gamma .

model 700-10-62 scanning eye piece was then scanned vertically across the raster lines and '

the peck and valley rezdings noted. The modulation at thig 500 line pair screen height spatial

trequency was then calculated as: ’

Peak reading - Valley reading
Peak reading

modulation M =

The test setup 13 shown schematically in Figure 6.

The divide~by-two circuit consisted of two pulse generators connected 8o as to divide the
vertical syne by two and output an alternate fleld blanking pulse to the Ball Brothers Mark

=1 multiplexer,

1.4.2.3 Brightness., The brightness* was measured with a Spectra model UB-1505 Bright-

xn

ness 2pot photometer, The 3pectra was calibrated before use with a Gamma Seientific model

= Note: In this report, the words "brightress” and "luminance’ are used interchangeably
to mean photometric luminance,




TABLE 1

TEST RESULTS

TFST RESULT ON

display operation will b 20« C

ITEM PARAMETER REQUIREMENT EXPERIMENTAL DISPLAY

1 Scroen Bize 4.2,1,0 Screen 8ize; ‘The nereen aize for presentation of imagery 14 Inches by t4 inches
will bn 14 hy 14 inches.

M htness with Fuil Rastar

2 Spatial Frequency Response 4.2.1.4 Spatial Frequency Reaganse; With a 1000 line sinuscidal | Ae,l.2 MA% Brightess
signal input in both the vertical and hor{zontal dimenaions, the 0% Vi al st 1000 TV {ines
modulation tranafer factor (defined in 4. 3.4) shall be 0.5 {L.e. 50% 4;’2 e et ot 1900 T4 1imes
responas) in hoth dimensions, In meamiring the reaponse in the Comer:
direction perpendicular to the ing linew, the input signal 1% Vertical st 1000 TV lines
shall he regiaterad with the scsn lincs, 10% Horizontal at 1000 TV lines

3 Brightnoss 4.2,1,5 Brightneas: The maximum brightneas of 2 halanced 31 Footlamherta (Screen Gatln = 2.8)
white output whall be at leant 75 foot lamberts, x 0.310;y - 0.280; (M "C" x - 0.310;y 0.316)

4 Shading 4.2.1.7 Sheding; The hrightness ai any point on the display 507 Falloff to Cornera without Shading Morhuistion
screen shall not vary more than 1 5.0 percent from the average on Video
hrightnens when the display fn net up for untform hrightneas.

8 Gray Scale 4.2,1.8 Gray Scale; The diaplay ahall be capahle of displaying 11 each V2 Gray Shaden with 1 Footlambe rt
12 distinguinhable gray shades, (Para. 4.3.9) Reference

6 Black and White Contrast Ratio 4.2,1.9 Dlack am] White Contrant Rtatio; ‘The contrast ratio as 4.3: 1 21 28 Footlambertaustng ¢ 1.3 cmx 1.3 cm
defined in 4,3, 5 shall be 75:1 when measured over concentric dark srea,
areas. The inner area will be 1 em x 1 ¢m in size and darker
than the outer arca, The outer area will e 4 cm x 4 cm in stze
and have a hrightness of 75 footlambrris or higher.

7 Calor Gamut 4,2.1.11 Color Gamuy: All colors within the tetangle on the CIE Chromaticity Conrdineten Dominsnt Hue
Chromaticity IMagram whoae apaxes are approximated by the hues . L XY —
of 430 rex, 630 tern, and 470 rs, (See Hed G, K02 0. 343 60K NM
Figure 1.) Green . 240 0,704 540 NM

Blue 0. 144 0.133 476 NM

L] Purity 4.2.1.14 Purity; Purity will be at lesst 90 percent in all Red: BRT; Green: %97: Blue: and
primary hues,

9 Color 3rightness 4.2,1.15 Color Brightness: At least 15 footlamberts in cach Red: %.2 Ml Green: 46 fL; Blue: 3,411
primary hue,

10 Color Brightnesa Shades 4.2,1,12 Color Brightmens Shadga: The display shall he capable Red: 7 ea JZ_shaden
of displaving seven distinguivhable brightnesas levels (Sce 4.3.4) Green: 12 eav? shades
in each primary hue, Dlue: Sea  #2ahades (1 (1 Referencey
11 Color Linearfty 4.2.1.13 Color Linearity: There will be no significant or per- Red: No Change
coptible change in hue with a change in brightness. Green:  Very Small Shift at Low Luminance
Hluye: No Change
12 Color Misregistration 4.2.1,18 Color Miaregistration: Not to exceed 1/8 spatial cycle Less than 1% Spatial Cycle at 1000 TV Lines
in the displayed image field,
13 Fltcker 4.2.1.6 Flicker: The dinplay shall 1 flickerleas when operated toveal: None
at a hrightness of 75 foot lamhe rts, Peripheral: Just Perceptible at 172 Hz Field Hate
amd 33 L thahlight White,
14 Input Power 4.2,1,18 Input Power: 110 volts, 400 Mz and/or 2% volts DC 450 Watts, including power to butlt-in teat
Nominal Airerafl Tower, generator
15 St2e . 4.2.1.19 Sizg: 12 cubie feet, or less, 12.67 cube fret
16 Weight 4.2.1.20 Welght: 250 pounds, or Jess 311 pounds
17 Temperature 4.2.1,21 Temperature: Nominal ambient temperature for Operation satisfactory at 20°C

12
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Figure 6 Teat Set-up for Measuring Modulation

220-1 luminance standard head 100 footlambertsi, When measuring the white highlight
brightness, a Kollmorgen Tri-Rad Colorimeter was used to balance the light output to match
Muminant “"C" (x = 0,310 = 0,015, ¥ = 0.316 = 0,015).

——

A Spectra §' SL-60 close-up lens was used with the Spectra model UB-1505 to examine a

{ 0.3-inch diameter circle on the display screen,
f 1.4.2,4 Shading, The shading was measured using a calibrated Spectra model UB-1505

Brightmess Spot photometer., The photometer was kept perpendicular to the screen and the
b luminances of the areas shown in Figure 7 were measured., The falloff in brightness was

~) = Center luminance - e%glg@nﬁanoe x 100
Center lu

nance

then calculated as falloff (in

18
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1.4.2.5 Gray Scale, The number of gray shades is calculated by mcans of the following for-
mula:
L En(B,. " B.)
N = = M B“‘ - l

in?2

= number 1’? of shades

where N
BM = maximum measured brighmess
B

= reference minimum
brightnesa of one footlambert (fL)

R
It should be noted that the number of gray shades obtainable increages to Infinite 1f the ref-
ence brightness 18 taken as zero footlamberts., The reflection coefficient of the 2.5 gain

gereen is 149, The maximum ambient usable for a minimum reference level of one foot-
lamberts is 7 foot lamberts, If the general amblent ia lower than 7 fL then it would be

reasonable to select a lower reference minimum, thus increasing the number of gray shades.

1.4.2.6 Black and White Contrast Ratio. The black and white contrast ratio wa, measured

according to the format specified by Wright-Patterson., The only exception was thit the smal-
lest dark window attainable with our test generator was 1,3 em x 1.3 cm rather than lem x
1 ¢m. The brightness of the light and dark areas was measured with the S8pectra UB-1505

photometer at the measurement points shown in Figure 8.

11

SR S L. S - - SE N LI . SES TSI SNt MR BT ¥ - 7. B - s~ LT B LR L - TLt, T~ AT 155 o -~ T T SR I Rl e 1

o e




)
1
1

|
N

|

k

i

5

i

£

|

3

]

i

i

|

— 18 o=

- - . ‘A‘mntam *',—’?T:‘,“‘V“*'V_‘,‘T-‘!’.T‘T*‘T‘“,T‘L_T"fé“. Sy (i S e
13cmx 1.3cm -

\— MEASUREMENT

POINTS
Figure 8 Measurement Points for Light-Dark Contrast Ratio

1.4.2.7 Color Gamut, The color gamut was determined by measuring the chromaticities of
the three primary colors with a Kollmorgen Tri-Rad Colorimeter. These chromaticity coor-
dinates were then plotted on a CIE chromaticity diagram. As shown in Figure 9, the color
gamut includes all colors within the triangle formed by the rod, green, and blue primaries.

1,4.2.3 Color Purity. The color purity is determined by the following formula:

D x 100%
P - Dw

Where D = length of a straight line on the CIE chromaticity diagram between the points
which represent {lluminant C, (white) and the color.
Dw = The length of a straight line batween the points representing illuminant C
(white) and the edge of the diagram and going through the point representing

the unpure color.

The purity can also be more eastly obtained by plotting the chromaticity coordinates of the

three primariec on a chromaticity chart upon which are superimposed lines of conatant purity.

The purity 18 then easily and accurately obtained by inspection plus linear interpolation be-
tween the constant purity lines. Figure 10 shows the chart used by Philco=Ford with the

primarv coordinates marked on the chart.

15

— e o P T T T e S = T T gy ey i Tk L kel F .




GREEN PRIMARY

BLUE PRIMARY

Fizure 9 Color Solid and CIE Diagram

RED PRIMARY

Lot i e e Wl




Valpes of y

Tl MR W MW T R O

r
|
|
5

14

J4

40

Flgure 10

= T == e
— i = i e e as] ot
= = = T I T T sasillTieinat.
: STt R P BT P P
T T o eattses
t 7 -
& T
GREEN PRIMARY
T i T e F— ot 1
SRR AT : e I
iieias: : =
- SIS FT T .
S5 ik i
e Tl i s
T ‘ Bt i R R v i S e R
; 60% i, = o =
= S5 2. v =] Lo Y
£ :
| x ST k=
= . aaas r
= 30y 5aex P =i
e ms 1 1B e aas o +H ]—‘ s |
30% P : ] e
T
FEFE EeH
20%
3 ta5mac, RED PRIMARY
10% : :
O =
1 =elal
o - o HE
X 3= s Ei
; S
— d o
o A w535y
A a4 I 1 -4
s 3 % : =
sy =2 H
|
= i H
=
e ;
aoiaesas S
it aiii :
& BLUE PRIMARY
Je -~ V - - » . o o Bad R

Vames ol 8

Chromaticity Diagram with Lines of Constant Dominant (and Complementary)
Wavelengths and Curves of Constant Excitation Purlty Based on Standard
Source C as Achromatic Stimnlus




T T e T L W i - s

4.2.9 Golor Brightness, The color brightnesses were measured, again, using the
Spectra Model UB-1505 Brightness Spot photometer. The three primary brighthesses were
determined by suppressing two of the color fields and then measuring the color brightness of

the unsuppressed color at the maximum video ‘gain. The backgrotmd level was set below the
vigible level in an ambient of less than 0,01 footlamberts. ) ) s

1.4,2.10 Color Brighiness Shadeg. The color brightness shades were deter mined by use of
the same formula described in Paragraph 1.4.2.5,

N = ZBD(Bxix BR) +1
Where BM _ maximum color brightness

o
n

R minimum reference brightness equal to footlambert

N = number of brightness shades

1.4.2.11 Color Lipearity. The color linearity was measured by two methods. One method
consiated of measuring the chromatieity coordinates at three brightnesses ranging from 1

footlambert to near the maximum in each primary, The second method was to visually ob- ]
serve the display while varying the brightnegs level and then attempt to judge whether the

hue had varied with the brightness change.

Table 1] shows the data gathered for the various hrightmess levels. Note that a perceptible

shift was noticed in the green at very low level (1 foctlambort) comparaed to the 39 footlamberts 1

green hue,
TABLE II BRIGHTNESS LEVEL DATA -‘
( Perceptible Measured Chromaticities :
Change { ! (
YES | NO Low 1 MEDIUM HIGH :
X v X ) X v
. 0,595 0,352 L5188 L, 343 0.611 0.352
N e
Red at 1L at4fL at 8,3 fL
At very 0.243 _0.701 231 0,720 10,235 _ 0.720
Green | low at 1 {fL at 20 fL at 39 fL
vel
, < 0,144 0.120 143 0.173 |0.142 __0.12
Blue : at 1 fL af 1.5 fL at 3 fL
18




1.4.2.12 Color Misregistration. The color misregistration was mesasuredfor the following
color combinations:

Red and green supsritposed ~ = o
B " Red and blue superimpoged - -~ - - - - - -
Blue and Green superimposed
and white (red, green, blue)

The test for registration was performed as follows. A window pattern as shown in Figure 11
was formed with one primary color for the background and another for the window, Since
the red, for example, 1s in one field and the green is In a different field we could examine 7
the vertical intersection hetween the two fields with a microscope: and determine the amount
of color misregistration along this line by direct measurement on the microscope reticule.
Since the window can be set to any size, we can measure the misregistration over the entire

field using this method. The misregistration in parts of a spatial cyele was calculated as
shown in Figure 12,

(gt
L
- - s

BACKGROUNG
FIELD 1 / G

L — WINDOW

FIELD ZS

- T ———— -

Figure 11 Window Pattern
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Figure 12 Definition of Color Misregistration

1.4.2.13 Flicker, The flicker performance was measured by positioning an observer on-
axds with the display screen with the eye located at a nominal distance of 18 inches from the
dieplay screen, The fleld rate was deternined by measuring the period of the vertical sync

pulses with a Tektronix model 453 calibrated oscilloscope.

Peripheral or foveal flicker tiuresholds were then determined by increasing the display
brightness from a low level until flicker was observed. This was correlated by lowering the
brightmess from a high level until all flicker disappeared, The brightness levels were meas-
ured with a Spectra Model UB-1505 calibrated spot photometer, Ambient light level was less
than 0,1 {L,

~

[ IO




1

g

fem e e g v pen g g e s

I

SECTION 2
SYSTEM RECOMMENDATIONS

This section of the report will be a discussion of the requirements versus the test results
obtained from the experimental display. The potential for improved performansce will be
covered as well as the recommendations for future development of this type of display device.
Finally, some projections of present technology are made in an effort to predict the ultimate
performance capabilities of-the-field-sequential-display for the applications-intended by the
Air Force.

2.1 DISCUSSION OF TEST RESULTS VS, REQUIREMENTS

The present experimental digplay represents the first cut attempt to meet the very stringent
performance requirements set by the Avionics Laboratory. In the design of the experimental
display, an important limitation was the financial resources available to design and imple-
ment a display which at the time of specification was at the present state-of-the-art, Philco-
Ford's design philosophy was to construct with the company committed resources, the best
possible implementation of the proposed display, This display to be used for the purpose of
providing a test bed to test the high resolution field sequential concept againgt the Aviorics
Laboratory requirements, Every attempt was made in the specification of the components,
in the design and in the implementation of the existing real-time improved color image dis-
play to produce a display which would meet the requirements set by the Air Force. The
result of this program is an excellent high resclution full-color TV display which, still

falle short in certain requirements. However, since a hardware implementation of the

high resolution, fleld sequential display exists it is an excellent t00l for the evaluation of
this type of display. Much valuable data has been obtained from the display pertaining to

the characteristics and Umitations of a fleld sequential system and many specific ways to

improve the performance of the existing hardware implementation have been identified.

Each test parameter listed in paragraph 1.4.1 {8 discussed below considering both the speci-
fic performance results obtained for the experimental display and the specific improve-
ments which could bring the display performance up to or beyond the Air Force requirementa,




2.1.1 Spatial Frequency Response

T2.1101 Comments on Test Reaults. The spaiialr freqxlenéy fesponée of the lens-CRT com-
~~ ~-bination is affected most directly by the three factors itemized below. =~ o

o lens spatial frequency response
8 CRT spot size
e light trapped in the faceplate of the CRT

The measured depth of modulation for the projection lens with a square wave test pattern

(USAF 1951) was 537 at 13 TV lines mm over the entire field, Thus the lens has a good

transfer function capability at the 1000 TV lines picture height resolution. i

4
The CRT provided by Thomas Electronics has a shrinking raster spot size of 3 mils at ‘r-
15,000 foctlamberts full output (using no color filters)., For the 3.1 inch raster, the depth

e

of modulation equals 76% in the center of the screen at 1000 TV lines and 44 in the corners

i '
at the same resolution. {

The resulting center and corner modulation on the display screen are then calculated as 65
in the center and 327 in the corners. We realized in specifying the 3" CRT thut *he corner
modulation would not make 507, However, the cast and schedule for a T-inch fla. e CRT
and a larger lens versus these costs and schedules for an established design 3-inch CRT

using a smaller lens dictated the less expensive alternative, During the building of the dis-

play, =erioug probleme were encountered in the design and producticn of the lens for use

with the 3-inch CRT. These problems would have been onlv compounded by the specification
of a lens designed to wori into a 7-inch CRT, and the display does provide 50° modulation
in the center area of the CRT so that the quality of a color display with 1000 TV line resolu-

tion at 50" modulation can be studied in a meaningful way. |

2,1,1,2 Recommendations, The overall modulation can be Increaszed to 307 in only one way.
The ratio of the raster gize to the spot size must be increasad. This can be accomplished
either by obtaining a CRT with a smaller spct size or using a larger CRT and maintaining the

apot size at 3 milg, If a 7-inch CRT with a 4 inch square raster were used and we could




maintain a 3-mil spot size (shrinking raster); then, from Figure 378, for a spot width-to-peak
separation ratin - 0,375, we obtain a modulation - 92% in the center and 76% in the corners

at 1000 TV lines (again aasuming 30% growth to_the corners), I
" The most braié'tiicaTsoilutrioi‘nﬁtro proividing a bro;jiuci:tiionﬁdriépiléy ;ith 50% overall modulation is

{o utilize the 7-inch CRT with a lager lens. The cost will be higher and the weight will in-
crense somewhat, but this solution is judged more feasible at this time than attempting to

obtain a high-beam current 5.inch projection CRT with the required 2. 3-mil center spot size.

|
|

2,-1.2 Brightness - Co - - - S

2.1.2.1 Comments on Test Results. For the 9,000 fI. of white light available {rom the CRT,

the calculation for the brightness yields about 33 fL which agrees very well with the measured

result,

The total measured output of the CRT equals 15,000 fL and one might question why this
amount ot light 13 not available as white light. The reason is that a high ratio of green to
hlue phosphor was required to create a high green purity., With 15,000 fL of white, we could
get 55 fL highlight brightness on the present 14" x 14" screen., Figure 13 shows the varia-

tion in screen brightness with CRT brightness where the screen size is a parameter. Fora
10" x 10" acreen the gcreen brightness is 94 fL for a 15,000 fL CRT brigh'ness and 56 fL at
3000 f1L, The 10" square screen will give the same resolution and much highor brightness

than the 14" x 14" screen and could be satisfactory for many applications,

An alternative to changing either the CRT brightness or the screen size would be to use a

faster lens, In such a case the lens must be changed to provide optical speeds in the range 1
of f 0.3 tof 0,83 as shown In paragraph 4.1.2. With the combination of the 15,000 fL i
white phosphor and the f 0. 80 lens the highlight brightness would be increased to 72 foot- y
lamberts on the 14" by 14" screen., Diffraction Optics of Mountain View, California, has bid H

on the construction of an f 0, 8 lens suitable for use In the real-time coleor display,

1
:
,
|
i
s
z
z
s
z
t
|
s
:
[
l
1
|




SCHEEN BRIGRINELY,

0

1000

(AT EASRTNESS ’L‘

IMgure 13 Variation in Screen Brightness va Screen Size
24
, 2




2,1.3 Shading

lf

i
‘ 2.1.3,1 Comments on Test Results, The 50% falloff to the corners of the raster is caused
by fal16¥ 1h the projection fons and the 2.5 gain projection soresn, Shading correction was
' -~ not implemented on the experimental display since no additional data would be gained for .
' the additional incurred cost, Additionally, due to the approximately logorithmic response —
E E
i
t
E
L
[
{
|

|
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of the eye to luminance changes, a gradual falloff in brightness of up to 50% from the center
to the edge of the screen is not objectionable to an obgerver.

U

~2,1.3.2 Recommendations. Shading correction to =3% over the screen can be implemented

in a future prototype display fairly readily, A clear disadvantage of providing this tvpe of
shading correction would be that the center highlight brightness would be reduced by 30%

in order to obtain the =5% uniformly. Tor all tests except possibly hue vs color brightness

this degree of uniformity is not needed to attain an apparently uniform brightness to an

observer. 1

2.1.4 Grav Scale

Eleven each \/E—gray shades are provided by the display where the reference brightness is 1
taken as 1 fL. This figure is limited only by the peak brightness of the display. To obtain 3
12 each V2 gray shades, it will be necessary to increase the highlight brightness of the
diaplay to 44 f1

_ 2,.1.5 Black and White Contrast Ratio

2.1.5.1 Comments on Test Results, Figure 14* shows the contrast ratio of a CRT

as a function of the attenuation in the faceplate where this attenuation is due to the use of a
neutral absorbing glass such as Filterglags. It is important that the attenuation be pro-
vided uniformly throughout the thickness of the glass faceplate rather than as an attenua- ]
ting layver on the surface of the CRT faceplate. Since the optical contact is about 20% for {
- settled phosphor of the type used in the display, the graph shows that an attenuation of 23%
{s sufficient to vield a 75:1 detall contrast ratio,

© Zworvkin & Morton, Television, p. 415, 1954,
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Figure 14 Contrast Ratio as a Function of Attenuation in the Faceplate

The large area conirast even at the lower hrighmess levels achieved In the experimentsl

[ displayv was 50:1 for the conditions shown in Figure 15,

For diaplay presentations which activate less than 157 of the raster avea the total amount
i of scattered light levels In th2 CRT is much lower and, even with a clear faceplate, the

: contrast ratio will approach the large area values,

ONE~{NCH SQUARE

MEASUREMENT POINTS

3
E Figure 15 Large Arcea Contrast Ratio !
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The attenuating faceplate was not requested for the experimental tube because of anticipated
difficulty of obtsining within schedule a high brightness projection CRT with this type of

-..— -{aceplate.. - The vendor-selected :did-not normally. steck or produce-such projection CRTs.... . . ..}

- For these reasons a Thomas Electronics (Wayne, N,J.) Type 5M117 (5" flatfaced clear
projection CRT - see page 32) was utilized aince all of the proper mounting assemblies and
deflection components were available from Phileo-Ford vendor stock. EMI Electronics
Limited in Britain is currently manufacturing a low_power Hlm scanning Type MX69 CRT
with a reutral tinted faceplate. Investigation is being carried out to determine the suitability
of the faceplate material for projection CRT use, ' )

2.1.5.2 Recommendations, For conditions where less than 10% of the screen {g energized

by the electron beam, the clear face CRT ylelds useable displays at a contrast of approxi-
mately 10:1 although halation is apparent at low ambients,

If very high (75:1) detall contrast ia to be obtained for high-duty cvcle patterns, then at

least 23% attenuation should be provided in the faceplate. Another approach which has been
taken to reduce halatHon and improve the detatl contraet ratio {8 to provide a very thin sub-
acreen located behind the CRT facenlate, This method e verv effe~tive at reducing halation,,
but has not been used much in projection CRTs because of the present inability of this thin
subscreen to dissipate the high screen power of a projection CRT. Also, CRTs have been
manufactured in which a thin black particulate layer was deposited on the inner surface of

the CRT before the phosphor coating 18 deposited, Large tmprovements in detafl contrast
were reported when using this method.

The last method for improving the detal]l contrast is to use a fiber optlic faceplate CRT.
Agaln, the results are excellent, but the fibers attenuate the light output of the CRT, and
the faceplate 18 more subject to dlelectric breakdown and thermally induced cracking than

a single piece faceplate.

More detailed analysis and tradeoff study of the varlous alternatives on the system level will

be required to determine the optimum solution for obtaining high detail rontrast ratios.




2.1.6 Color Gamut

Pl

. dependent on the available comparison color fields, The 1¢d primary of the experimental
diaplay. for example, appears as a definite red-orange when compared to a deep red with
=3 dominant hue of 636 nm or greater. In the absence of a comparison color field, the red
g appears saturated and clearly elicits a red 1dentification rather than orange.
;f: - ,
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A similar situation holds for the green primary which in comparison with a 530 nm primary J
~appears yellowish-green, Again In the absence of compearison color flelds, the é;eeniig N

evidently saturated and appears as a light green without any particular vellow characteristics.

The blue primary {8 very good (dominant hue of 476 nm) and appears very blue and saturated

in comparison with a blue color ffeld. The dominant hues of the red and green primaries are

almost entirely dependent on the phosphor spectra and not the color wheel filters, The red

and green phosphors would need to be changed to different types if different dominant wave-

lengths are desired. The blue primary is developed by filtering a broad band spectrum and :

O il _.4.....11'..........,.-

can be changed by varying the filter hand edges. J

2.1.6,2 epdatjons. At this time, better phosphors for usc in the projection CRT )
have not been found. The alternative of using broad band phosphors rather than narrow 1 i
band i8 not good since it 18 difficult to obtain high primary purities when using filters to .
i gelect a portion of a broad band spectrum. If the filters can be made narrow band enough [
to yield a high~purity primary, then most of the light output of the phosphor {8 wasted.

In summary, the present phosphors are the bes‘ in terme of high performance in projection
applications, The dominant hues could be improved somewhat, but new phosphors will be
reguired to permit this change.

to

.1.7 Purity J

[V

L1.7.1 ¢ommenpnts op the Tegt Resulte. Both the red and the green purities were within

- 5 of the requirement of 90, As discussed In Section 3, the purity of the blue is very

ta
# ]



dependent on the blue filter bandwidth because of the broad spectrum blue phosphor used.
If the blue filter bandwidth were narrowed a 90% blue oould be obtained, but the maximum

luminance of the blue would be even less than that of the present 80% purity of the experi- e

. - mental.display. It s geperally true, M&mmmum_lmmqa Apprimary ;ust g}
steadﬂy decrease as the purity of that primary is increased toward 100%. The réason for '

this decrease 15 almost obvious since a 100% pure color contains only one wav elength of ' g;

light and thus includes very little energy. Forthie smme reason, the narrow band rare- ":‘

earth phosphors used in the exparimental CRT gave. the gptimum results hy concentrating —_é

almost all thefr light output into a very narrow spectral épike (for example, see Section 3, ;,
Figure 28), o o - d
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2.1.7.2 Recommendations, To increase the blue purity to 80%, a narrower band color
filter must be selected, The brightness of the hue primary will decrease when this is done.
The green purity is acceptable at 86%. The purity of the red primary can be increased

optimally by finding a better phosphor. The present red (see Figure 29) has lowsr purity r
because of the multiple peaks at wavelengths shorter than 620 nm. These peaks are close '

enough together that they cannot be easily separated with the red filter without seriously -
attenuating the luminance of the red primarv.

2,1.,8 Color Brightness f

2,1.8,1 Comments on Test Resulta, The present white highlight bfightness {g 33 footlam~

bertsa, This must be increased by 227% in order to obtain 75 footlamberts, The present
color brightness and the 227% values are:

B (L) 227% B (fL)
Red 8,2 18.6
Green 46.0 104.0
Blue 3.8 8.6 F

The present blue primary brightnesa would be pelow the required 15fL even for the Increased
brightness from 33fL to 75fL. Two possible solutions to the problem are:

29
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1. Decrease the purity of the blue primary by increasing the blue filter bandwidth.

. ——-2,--Find a rare-earth-blue-phosphor-with a-narrow-hand-output sa.the ratio of blue.to .

- green can be increased. (See Section 3 for discussion,)

2.1,8,2 Recommendations. The overall highlight brightness #ill need to be {ncreased to
bring up the color brightnesses, -An investigation should be carried out with & CRT manu~
facturer in conjunction with a phosphor manufacturer such as U, 8. Radium to find a better
narrow-band rare earth phosphor, This appears to be the only practical alternative if high

blue purity {e required, =

2.1.9 Color Brightness Shades

The color brightness shades are calculated mathematically from the highlight brightnesses
of each primary, 135 fL in each primary Is sufficien. to yleld 8 each V2 shades in each
primary with a 1 {L reference.

2.1.10 Color Linearity

2,1,10.1 Comments on Test Results, The perceived linearity of the red and blue primaries

showed no change as the brightness was varied from minimum to maximum levels,

At very low brightness levels (1-2 fL) a small hue shift toward lower purity was perceived in

the green primary, This shift 18 verified by the chrematicity measurements shown in
Table 1 (paragraph 1.4.2.11), There ig no certain explanation for this shift, but {t may
be due to slight super or sublinearity effects in the phosphors (see paragraph 3.2.2,
Figure 17,

2.1.10,2 Recommendations, The phosphers are judged ac¢ceptable in the experimental

design from the standpoint of coler linearity, The green shift occurs it 1-2 fL levels and

ig barelyv perceptible,
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2.1,11 Color Misregistration

The measured misregistration waw leaa than 1/8 aggtial gycle at 10 ILupisﬁgﬂgﬂQn

V‘%ﬁﬁ' This p-erforma.nce ia typicﬂ of | fleld sequentlal displavs provided proper shielding of the
~ = ‘electron gun is made to prevent stray electromagnetic fields from disturbing the picture.
and the deflection oircuits and-high-voltage power supply are free from noige which could

Sy
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instantaneously change the picture aize.
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2,1.12 Flicker 7

2.1.12.1 Comments on Test Results, No flicker is percepiible in the foveal visfon of 33* "
and a field rate of 172 Hz, Where the entire 14" x 14" field is illuminated and the observer

is fixated near the center of the screen, a very slight amount of peripheral flickeri{s perceived.

2.1,12.2 Recommendations. The fleld rate will be raised to 180 Hz which will improve the
peripheral flicker performance. The peripheral flicker pregently i1s not objectionable. Alao,

as can be seen from Figure 18, the critical fusion frequency only changes from 41 Hz to 48 Hz
when the light output is raised from 33 fL to 75 f{L, No degradation in flicker performance
is predicted by this change in brightness. :

2.1,13 Input Power

The input power is 450 watts of which an estimated 60 watts 18 used by the test pattern gen-
erator which would not normally be included in the display.

(g e r—r—— r"'"ﬂ{ ——— f ——— _! .L ’ ’” !! !I

2,1,1% Size 1

The size {8 dictated primarily by the optical components and the screen size, although most 1
of the volume i# used in the present configuration, Different optical configurations can be
studied to determine whether the package size can be reduced.

— rm— e ppp—
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2.1.156 Weight

The éxpgrime-nthl di:sprlray n;elélis 7.‘3’71/1”pounds._ | 10 poundjscan be rei:nc;vé-d w_he_n the test
“patfern generator is taken out of the display along with its power supply. The present

mounting plate and optical agsembly use a much heavier plate than needed. This structure
can probably be lightened by twenty pounds,

It appears practical to reduce the display weight to 210 pounds. Section 5.3 nutlines

procedures that need to_be taken to accomplish this,. - - - - - - R

2.2 RECOMMENDATIONS

To ensure the optimum performance for the projection display application the following

must be considered on the next implementation of a sequential color display.

To improve resolution, a 7-Inch flat face CRT should be used which would allow for larger
CRT image. A lens redesign would be required to allow for reduced magnification and larger
front and rear lens elementa. 1000 lines resolution at 50> modulation will be available over
the entire field,

Brightness can be increased several wayva., An{ 0, 8 design is practical which would be an’
improvement over the present f 1,0, The purlty of the green can be sacrificed to yield a
brighter balanced white at the CRT. Increasing the accelerating voltage would increase the
light output, The latter two changes could increase the CRT ourput to 12, 000 ft lamberts,
Reducing the magnification due to using a larger CRT image will also increase the brightmess.
Using the formula and data presented in Section 4,1,2, where screen brightness =

2
5 - BTL TF TM G

5 4(M+1)7 20

and letting f = 0,8
M= 3,3
ad i 2
vlelds B = 12000040:79) (0-F1 0. 99) 2.5 g5

2 L2 =2
14,97 (0,7 + (3.
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Using a smaller screen such as 10 inch by 10 inch (considered suitable for command and
control applications), would result in 188 {L output brightmess.

s gy

I
!
'
{

Ast s ndicated above, sacriﬁcing green purity would g'lve » higher light output. Increasing the
blue purlity should be consldered concurrently. An investigation should take place with the ~~ -
goal of developing a phosphor of high blue purity.

Black and white detail contrast ratio can be improved to 75:1 by utilizing a 23% attenuating
type glass for the CRT faceplate. For the 14" x 14" screen display the output brightness is
then approximately 74 footlamberts, The output on the 10" x 10" display would be approxim-
ately 145 fL.

Shading correction to a =5% uniformity is nct recommended if the display is used only for a
human observer since a gradual 50% falloff 18 not objectionable to most observers, Correc-

e T

tion to only a =30% variation will give excellent visual results and would cut the output lumin-
ance to 52 fL for the 14 x 14' screen, and to 101 fL for the 10" x 10" gcreen,

Volume and weight are subject to each individual packaging requirement and can be adjusted
accordingly.
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SECTION 3

CRT AND COLOR WHEEL FILTER SELECTION

3.1 BACKGROUND

One area of significant development ocoured in the selection of the CRT phosphors and the
color wheel filtars, New phosphors wers needed to satisfy the requirements for the CRT
since the existing registered phoasphors were deficient in one or more of their character-
istics relating to chromaticity, linearity, and brightneés. To permit specification of the red,

- green and blue phosphors and their ratios, a series of computer programs were developed

to permit rapid evaluation of the CIE coordinates for arbitrary phosphor and filter combina~
tions. These programs also permit the designer to iteratively find an optimum combination
of phosphors and filters to meet certain purity specifications of the primary colors, while
still obtaining the maximum possible light output.

In order to best understand the process used in the phophor and filter seleciion, *he system
constraints on the phosphor and filter relation are listed and discussed in Section 3.2,
Section 3.3 is concerned with the design procedures followed in selecting and specifying the
color wheel filters, Areas for further studv and development are then summarized and

discussed in Section 3. 4.

3.2 SYSTEM CONSTRAINTS

The svatem constraints pertinent to the selection of the phosphors and the filters are:
Chromaticity of color primaries (purity and hue)

Color linearity

Brightness

® & ¢

. Flicker and phosphor peraistence

The detall requirements are outlined below,

3.2.1 Chromaticity of Primaries

The required chromaticities for the primaries are specified in two paragraphs of the Wright
Patterson Air Force RFP F33615-70-C~1417,
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'M,2.1.11 Color Gamut: All colors within the triangle on the CIE chromaticity dlagram
whose apexes cre approximated by the hues of 630 nanometars, 580 nanometers, and 470
nanometers (See Figure 1).'

- "4.2.1.14 - Purity: Purity will be at least 80 percent ir all primary hues." - —- - - -

These color gamut and purity specifications are converted to chromaticity specifications in
Section 3.3 where Illuminant "'C" is used as the standard in caleulating the purities per para-
graph 4.3.7 of the RFQ quoted below,

v4.3.7 CIE éélbfs: Theft;llow;dnéwavele;g;:hs rwiill be Vdrerﬂized a,s rsr;fraraﬁdards;‘ér their respec-
tive colors. "

Red - 700.0 nm (nanometers)
Green - 546.1 nm

Blue - 435.8 nm

White - TIlluminant C

3.2.2 Color Linearity

"4.2.1.13 Color Linearity: There will be no significant or perceptible change in hue with a
change in brightnesas. "

Kuehn and Luxenberg (Display Systems Engineering, McGraw-Hill, 1968), discuss the effect
of luminance levels on apparent hue perception. Figure 168 below {llustrates the Bezold-

Bruke phenomenon.
-} [« Y
11 1
)
o7
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|
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499 500 =50 600 650
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Figure 16 DOlustration of the Bezold-Bruke Phenomenon
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A shift equivalent to s much a8 10 to 20 nanometers in dominant wavelengtha {5 apparent at

some wavelengths. Since the retinal {llumination {n the various hues varies from near zero

to over 100 trolands, color shifts may be experienced. The significance or perceptibility of
 these shifts is dependent on the observers and the extsnt of ohange in retinal {llumination,

This 1safunda-men%al propex:ty of the human gye difﬁéultﬁto coﬁiﬁqﬁsaie i_n any display, It ls
~evident that color linearity shifts due to the Bezold-Brucke Phenomenon, If parceptible, can-

Dot be compensated for by any choice of phosphor or color filters, The test rezults (Sec-

tion 12) show that gome perceptible color shift oocurs for the gresn primary even though the

meagured chromaticity has not changed appreciably. Color Unearity can also be signifi-

cantly affected by super or sublinearity effects in the phosphors. These two effects are
shown in Figure 17. = : R SRR o

SUPER LINEAR

LINEAR

SUBLINEAR

i

BEAM CURRENT

Figure 17 Super Linear and Sublinear Effects in Phosphors

A combination of a linear phosphor and efther a sublinear or super linear phosphor will
definitely change color with variations in beam current,

LUMINANCE

a———

3.2.3 Brightnese

"4.2.1.5 Brightness: The maximum brightness of a balanced white cutput shall be at least
75 footlamberts. "

"4.2.1.15 Color Brightness: At least 13 footlamberts in each primary hue."

|
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The brightness requirement of paragraph 4, 2. 1. 15 of the RFQ must be interpreted in terms
of the brightness (or luminance) of the CRT, Subsidiary to this the color brightnesses can
ke _determined onoe the chromatiolty of the primariesiafnown. .~ - .-~ . . . -

The CR’fibf’;gﬁitneasicénibiei caleulated liaryrinea.ﬁs of the following formular.

2
B . BTLTFTM G

S 4(hi+1}§}§+hi

BS = Screen brightness in footlamberts

B = Brightness of CRT in footlamberts

TL = Transmission of glagses in lens = 0. 75

TF = Transmission of color wheel for "Illuminant C" = (.31
TM = Transmisajon of optical folding mirror = 0. 94

G = Gain of rear-projection screen = 2.5

M = Magnification (14" from 3.1") = 4.5

f = f-gtop of projection lens =1.0

For a spccified screen brightness, the required CRT brightness {s found by rearranging :he
above formula, We obtain:

Bsum+1) f"+m)
B: = 275B

TLTFTM

for the above design parameters

for a 75 footlambert screen brightness

e 2.2 2
B - i044.5+1)7 17 4 346, 57 1
(0.75) (0.3 (0.94)" 2.5

B 5 20,627 footlamberts




‘ Thus, the specifications require a CRT brightness of 20, 627 footlamberts in white to achieve
78 footlamberts screen brightness on a G=2,5 projection screen with the specified 14'' by 5

I 14" screen size, and the chosen optics. 1
i

The color brightnesses were estimated by’aaaﬁming that the 'rad; ‘green, and blue com- =
p:DDﬁIItS are 80 chosen that the-full amounts of-each are used to produoe white. The relative
luminances of "typical primaries" when matching Hjumin 1t C for fleld-sequential (low

flicker) primaries are:* ' '

, _Red _ . . n.30y . . _ o B} _ _
Green 0.474
i Blue 0,217
Total: 1.000 '
i From the above we gee that the amounts of red, green, and blue required to mateh foot- *-
t lambertg of field sequential [{luminant C are: L
Red = 0.309 x 75 = 23 footlamberts X
{_ Green = 0.474 x 75 = 36 footlamberts ¥
Blue = 0,217 x 75 = 16 footlamberts

These calculations for the resulting color brightnesses are approximate because the relative
1 amounts of the primaries required to match Illuminant "C" are dependent on the chromatieity

of those primaries,

————

3.2.4 Filcker and Phosphor Persistence

{ "4,2.1.6 Flicker: The display shall be flickerless when operated at a brightness of 75
tootlamberts. "

The dependence of flicker on retinal illumination is shown in Figure 15, Retinal illumina-
[ tion {8 measured in trolands where a troland i{s defined as the light falling on the observer's
| retipa from a surface having a luminance of one candela per square meter whan the eve
1 pupillary area 18 one square miliimeter.

*See D. Fink, "Television Engineering Handbook,  p. 1-31
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The specifications do not specify the ambient light levels to be expeoted. This fast {nfluences
computation of the flisker effects because of the wide variation in prplllary areas with vari-
ation of the ﬁeld lu ninance to whigh the aye {8 accommodated (See Figure 19). However, we

0an assume a worst-oase low level ambient of 1 footlambert. This woud yield a pupil
‘diameter of 4.3 mm, and a corrPspondhg pupillary area of 14,55 square millimeters.

The retinal illumination (I) in trolands is related to surface brightness (B) in candelas/sq.
meter and the pupillary area (A) by the following equation:

where:

[#7]

= a facter dependent on A, whioch compensates for the decreasing efflciency of the eyve
with increasing pupillary area (Stiles-Crawford Effect)

For a pupil diameter of 4.3 mm, the relative brightness is approximately £0% of that which
would be expected if the apparent brightness of a diameter of 2 mm was multiplied by the
increased area of a 4.3 mm diameter pupil. Thus:

b—

= (0.5 (B) (14,55

and for a screen brightness of 75 footlamberts

1 = (0,8 (T5) (14, 55) 13.426) = 2991 trolands

which vields a critical fusion frequency ot approximately 43 cyveles per second.

Since the minimum color field frequency is 50 Hz, we did not expect flicker at the 75 foot~
lambert level for {nformation appearing in both color fields.

The phosphor persistence should be such that the light output from the CRT decays to less than
10°. of maximum in one field period. This condition is necessary because the colo. flelds }
oceur in the sequence red, green, blue, ete. If the light due to phosphor exeitation during the
preceding fleld has not decaved to a sufficiently low level when the next field begins, then the

purity of all the colors will be incorrect. Also, if the persistence {8 longer than one field,

11
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Wophe 1 Dupriiocmaind LbeOor et Otrigdon
smearing may ocour when the data is changing rapidly, Prom the flicker considerations
above, a decision was made to operate the display with a color fisld rate of 50 to 60 Hg.
Since there is one red, one green and one blue field composing each color field, the indivi-

- = dunl-field Tates are 150 -Hz-ard-180Hedor the =30 -Hr-and 60 He-volor tield-Tates Tespectively: — - - -
_ ... .The phosphor, therefore, must then decay to 10% or less in 1/180 sec.= 5,55 milliseoonds as__  _
compared to %_g%g = §.65 milliseconds in the 150 Hz case. On the other hand, the persistence

of the phosphor should not be too ghort or the brightness requirements are not aschieved,
This is {llustrated in Figure 20, 5

o on | e 4 A

T T e

Te * FIELD PERIOD

-~ 85, " AVERAGE BRIGHTNESS

O AN N N A
AT NS [l

T 2T, Te 27 e 2T
TOO SHORT PROPER TOO LONG

Figure 20 Persistence of Phosphors

3.2.5 Summary of System Constraints

o Chromaticity of Color Primaries:
Red: Hue~6830 nanometers, purity - 80%
Grn: Hue-530 nanometers, purity - 90%
Blu; Hue-470 nanometers, purity - 90%

!
!
!
1
E
|
E
L
|
;
{

G —

[ ¢ Color Linearity
Phosphors should be chosen with a linear response.

e Brightness
CRT brightness = 20,627 footlambers for a 75 footlambert on-screen brightness.

I
l
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I



Flicker o
A 150 to 180 Hz refresh rate is required to eliminate flicker for all brightness
levals,

5.55 to 6. 65 milliseconds maximum to the 109 level. For efficient th: output,
the persistence should not be too short compared to the fleld period of 5. 55 to
6,686 milliisoconds.

. _ _ @ _ _ Persistence . __ .  ___ __

3.3 DESIGN OF CRT-COLOR WHEEL FILTER COMBINATIONS
From the beginning of the desiyn for the Real Time Improve” Image Color Display, the
selection of the CRT phosphors and the color wheel fllters were identified as areas requiring
significant effort, *ost of the 1egistered EIA phosphors either had too long or too short a
persistence or wera rot suitable for projection tube use bacause of non-linear ty effects,
short lifetiine, or burn susceptability, Therefore, it was necessary to carry out testing

and development effort to find phosphors which might be suitable for the application and to
test these in a projection CRT.

The approach taken by Philco-Ford {n solving this problem was the following. First, the
general characteristics of the projection CRT were determined both electrically and color-
imetrically. Then s specification (see Section 4.3) was developed and submitted to CRT manu-
facturers to obtain feedback on the feasibility of the projaction CRT and to obtain an estimate
of the cost for this development effort, Of the three manufacturers replying to our request
for bid, Thomas Electronics of Wayne, N.J., was finally selected to perform the {investi-
gation of suitable phosphors and to produce one prototype color projection CRT. Thomas
Electronics was chosen not only for reasons of cost, but also because they had established

a close working relationship with a U, 8. phosphor manufacturer who had recently developed

some new, very narrow band, rare-earth phosphora., Preliminary data on these phosphors
showed that they might be exactly what we were searching for. Subsequently, Thomas was
allowed to begin work on the projection CRT project. The narrow band phosphors were
important because of the need to separate the various color components of the phosphors

1 with the color wheel filters to produce high purity red, green and blue primaries,
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' 3.3.1 Available Phoaphors
l Ope of the prime requirements for the phosphors was that they ahould be narrow band rather
.. thanbroadband. The reason for this requirement is !llustrated in Figure 21. Phosphor A
' has a very broad spectral band with essenﬁaﬂly pcfual energy at all wavelengths. The filters,
l BLUE GREEN
» FILTER FILTER RED FILTER
. FTTTN ——————
jun} 1 _
| : P
< o/ PHOSPHOR A
o ] E § A | B i
| l - v/ .
g é \ / ~
%= v oS
E E= ,/\\ PHOSPHOR B
evrs /
\
\_/_ 4
E 400 nm 0nm 1
3

=g |

Figure 21 Broad and Narrow Spectral Bands for Phosphors

—
| oo

{ even for fairly narrow passbands, transmit such a broad band of wavelengths that the purity
E of the color filtered out of such a broad band spectrum is very poor, usually no better than

80%. If the fllter prisband is made very narrow, then usually, there {s unwanted transmission ‘
at other waveleng'hs out of the desired passband and again the purity is poor. f

The solution then, to obtaining high purity primaries, was to combine narrow band filters
with spiko response phosphors such as the hypothetical phosphor B, shown in Figure 21.

Thomas Electronica working in conjunction with U.S. Radium, selected a red and a green
phospbor from the rare-earth phosphors which they judged were good candidates for the

color projection CRT. Tests in a demountable CRT showed that both phoaphors were linear
with a bigh degree of burn resistance. The red phosphor was a common europium doped
Yetrium oxy-sulfide (1’2028—Eu) with short persistence. The spectrum {s shovwn {n Figure 22.
The green phosphor was a new rare-earth phosphor with Terbium doping. The peak emission

for the phosphor was at 545 nm instead of the 330 nm requested in the specification, but it was

43
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Figure 22 Red Phosphor Spectrum
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the only green phosphor then available with a narrow band output. The spectrum of the green

phosphor appears in Figure 23, We were now left with the problem of finding a suitable

-~~~ ~blue phosphor. U:8: Radiwm-and Thomas-E18cTronics tr16d many different pHosphors, but

— _ . all wne narrow-band phosphors proved to be too inefficient or were non-linear under the — - -—-
intense current loading required for the color projection CRT. Finsally, because no suitable
narrow band phosphors could be obtained for the blue, a rather wide band blue was com-
promised on. The selected phosphor was the silicate blue used as the blue component in the
common silicate version of P4, The spectrum is shown in Figure 24.

-

 With the spectrum data on the breisf”ph'dsphbirrsr available B.hd”trhe asrsrﬁrreinore tha% threiperisistence
and linearity characteristics were acceptable, Philco-Ford proceeded to develop a procedure
for calculating the positions of the band edges on the color wheel fllters and for determining
the prorer ratios of the three phosphor components required to vield 90% purities of the
primary hues when viewed through the color wheel.

3.5.2 C=aleulation of CIE Chromatigity Coordinates n

This paragraph describes the method used to caleulate the CIE chromaticity coordinates of a
primary given the spectrum of the phosphor used and the transmittance curve of the filter.
Paragraph 3.3.3 describes the {terative procedure used to optimize the phosphor ratios and
the color filter band edges to get maximum white output while maintaining 905 purity in all
three primaries.

3.3.2.1 Background Theory. The CIE chromatieity coordinates are a pair of numbers (x,¥)

which are used to specify the hue of a given color in a quantitative manner, The (X.v) co-
ordipates locate points on a color triangle known aa the CIE chromatieity dlagram. This
diagram is shown ia Figure 25,

The chromaticity coordinates are defined to be:

_ X . =
X T Y Ivyaz and note x +v +z =1

Y T v S thus z 1is usually taken to be redundant

Lo T B
N
|
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case {f real primaries were used.

Where X, Y, and Z are oalled the tristimulas values of & given color., They represent the
amounts of imaginrary or non-physical primaries which would, if added together, yleld a color
of the same hue us one specified by the corresponding (x,y) chromatiecity coordinates. Note

---that-the-Juminance {ufsrmation - is-lost whetr only-the 1% y)cocordinates-iregiven: Wisre the-
X, Y, and Z tristimulus values are given, the luminance of the color is simply the Y value . .

for the color. This particular set of imaginary primaries was chosen to have this property
that Y represents all the luminancs of the oolor and aisb to hm;e the property; that the color
triangle defined by the X, Y, Z primaries encloses the entire spectrum locus, Therefore

negative amounts of X,Y, or Z are never required to represent real colors as would be the

The X,Y, and Z tristimulus values for a source with energy distribution E (A) ig found by the
following formulas.

A2
X =/ E (VX () dx
Al
X2
Y =/ E {(v)¥(x)dxr
b |
AZ
Al
where ., is Jower limit of visible spectrum

1

\ 2

and X (M), ¥ {7)and z () are the distribution coefficients shown in Figure 25.

is upper limit of visible spectrum

The distribution coetficfentsa ®, ¥, and 7, define the amounts of each primary X,Y, and Z re-
guired to match any given spectrum color. These coefflcients are obtajined by linear trans-
formatfon of the T, g, and b distribution coeffictents which result from experiments with the
amounts of real red, green, and blue primaries required to match spectrum colors. The T,
g, and b distributior coefficlents are not often used becsuse negative amounts of the primaries
are often required to match certain spectral colors as shown in Pigure 27,
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For the caae of the CRT filter combingtion, the filter transmigsion is denoted by t (» ) and

the X, Y, Z tristimulus values are

22
- #Kmegf E(r) t(MT{agdh -

v 1 - o ] ) )
A2
Y = E(») t(A)F(r)dxr
A1
)
Z =/ E(X) t{x)Z (> dx
v 1

Since there are no simple analytical expressions for the distribution coovefficient curves,
the X, Y, Z values are calculated by means of numerical integration.

We divide the CRT spectrum E (A ) into narrow sections (5 nm to 10 nm (nanometer) wide)
and form the sumas

X = SE (Mt (X ()
Y = 3E (M)t (AT ()
Z = JE(MtiA I

Where the values of E (M), ¢t () and X,V, and 7 are taken ot the center of the 5 to 10 nm
intervals.

Since the widthe of the intervals are not included in these summations, the X,Y,Z values ob-
tained are proportional to the true X,Y,Z values. For most colorlimetric calculations, this

makes no difference in the result as the x,y, and z coordinates are found by ratlos of X. Y, Z.

Even in caleulating the amounts of each phosphor needed in the mixture onlv the ratios are
critical,
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" transmittance spectrum can be input to the program. The outputs are the x,v, z chromaticlty

- For the narrow .peaks of-the red and green phosphors, a K&E-polar planimeter was used to - ' :—%

find the area under the spectrum curve within a 5 nanometer interval. These values were
then uged as lnputs to the program COLOR 3. These equivalem gpectrums are below {n -]
Figures 23 and 29. ?i,
~

3,8.2.2 Programs for Calculating CIE Coordinates, A Fortran IV program, nam=:. COLOR 3
was daveloped for use on Philco~Ford's in-house time shering computer system, The pro~

gram aocepts as_iuput data the values of the input 8ouree_spectrum {normalized to.a maximum - -

&mplirude = 1) at 5 nanometer 1ntervals from 380 nm to 780 nm. Also, any arbitrary filter

coordinates of the light produced by the source-filter combination. Also, a value Y which is
proportional to the Y tristimulus value of tha ocolor 8 computed. This program and detalled
instructions are found in Appendix IV,

3.3.3 Procedure for Selecting Phosphor Ratios and Color Wheel Fllters

The phosphor ratios and the poaitions of the color fllters in the visible spectrum were calcu-

lated by a straight forward iterative procedure using several additional programs which are
summarized below.

[P S PR T S T TR

"ADDER" - Adds together any number of components to form a composite output 3pectrum

called "SRGRB." Each ¢component can be multiplied by an arbitrary constant before addition
{s performed.

"COLOR 3" - Described in paragraph 3, 3,2.2 finds the chromaticity ecoordinates and luminance ’
of the light from an arbitrary spectrum and color filter combination.

"RATIO" - Given the chromaticity coordinates of three primary colors and the chromaticity

coordinates of a resultant color, the program computes the ratios of the luminances of each L

¥

primary to the luminance of the resultant necessary to match the resultant with some mixture
of the primaries.
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"SHIFT" - Given the input trangmission spectrum of an arbitrary filter, a new filter trans-

mission spectrum {s created which s the 0l1d apectrum shifted right or left (to longer or ) j
;—:*—:——mmrfwavelangth’)—by;a“'muludm_r‘oftmmm“'*‘—“"‘" S = s L m - — e ’;‘i

"XYL" - This program accepts the ohromaticity coordinates and the luminance of any number
of primaries and computes the chromatiocity and luminance of the resultant color derived by
Lo adding the component colors together.

—~ The first step in the sp2cification of the phosphors was to choose three standard Bausch and -
Lomb interference filters which had bandwidths and band edges in approximately the correct
locations as determined by inspection of the composite phosphor spectrum. Figure 30 shows
the three filters superimposed on the composite phosphor spectrum. The red filter 18 named
BAURED (abbreviation of Bausch and Lomb red) and the other two filters are named similarly
BAUBLU and BAUGRN. The narrowband filter shown with a dotted line and centered at 550 nm
is named BAUGRN 30 because it {s the same filter as BAUGRN but is shifted 50 om to the
right. This convention {8 followed throughout.

Inspection of Figure 30 immediately shows that BAUGRN should be shifted right about 30 nm,
thus we use the program "SHIFT " and derive BAUGRN 30. The next step is to form a com-
posite spectrum of the various phosphor components, The first cut {3 called SRGB (abbrevia-
tion of spectrum-red, green, blue) and ig a straight addition of the blue phosphor (BLUESIL),
the green pbhosphor (GSPEC) and the red phoaphor (RSPEC), all with unit peak amplitudes,
Then using Color 3, the chromaticity (x,y) coordinates of SRGB and BAUBLU, SRGB and
BAUGRN 30, and SRGB and BAURED are computed and plotted as shown in Figure 31. '

Figure 30 again tells us that the long tail on the blue silicate (BLUESIL) phosphor is

passing through BAUGRN 30 and destroying the purity of the green primary. Further inspec-
tion of Figure 30 shows that the amount of the blue phosphor (BLUESIL) affects the green z l
purity but not the red purity to any significant extent. Also, the varving of the amount of red oo
phosphor affects none of the purities and varying the amount of green phoaphor affects the

green purity but not the red or blue purities. It was then of*vious that the ratio of green

phosphor to blue phosphor would have to be increased to improve the green purity. It would
also have been posaible to decrease the bandwidth of BAUGRN 30 somewhat, but thia filter
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wag already near the practical lower bandwidth limits for interference filters. The next step
therefore was to compute a new {nput phogphor spectrum (SRB) which contained no green
phospbor at all. SRB was run against BAUBLU, BAUGRN 30, and BAURFED to determine the
primaries (R, G, By shovn in Figure 32,
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Now we form another spectrum which contains no blue phosphor, just i‘ed‘ and green (SRG)
aru run this against the filters BAUBLU, BAUGRN 30, and BAURED, using COLOR 8 to ob-

tain the prima.ry chromaticities, TMaJanea (RGB) are_glao plotted in Figure 32 and .

“from the linﬁar properties of oolor addition we know that spectrums consisting of all the
phospbor components will produce green primary chromaticities which lie somewhere on
the line connecting G' and G, depending on the proportions of blue and green in the mixture.

Next, the chromaticity coordinates of the point is obtained where the line connecting G ard G'
and the 90% purity contour Intersect (x = 0.25, y = 0.70). This data is then inserted with the

chromaticity coordinates of the points-G and G’ into the program XYL to permit determination”

of the ratio of GSPEC to BLUESIL required to yield a purity of 90% for the green primary.
XYL is used by inputing the G and G' (x,v) coordinates with some assumed luminance for each
color. The resultant chromatieity is then plotted on the CIE chart and further trials are made

until the desired resultant chromaticity is achieved. For the particular filters specified, the
results were

PRIMARY X y Luminance
G (no blue phospher) 0,270 0.720 1.0
G (0o green phosphor) 0,235 0.500 10.0
90 purity greer primary 0.265 0.695 11,0

This result tells us that the green phosphor to blue phosphor ratic must be at least 10:1 to get
907> green purity through the green filter. The trial and error procedure followed with the
program XYL could be eliminated by writing a new program to find the required ratio of two
primarie¢s necesaary to obtain a given resultant, This was not done hecause the trial and

error procedure converges rapidly and is quickly done ~n the time sharing computer system.

After the blue-green ratio was determined, 2 new SRGB gpectrum was created with "ADDER"

which had the proper green to blue ratio, The primaries at this point were computed using
BAURED. BAUGRN 30 and BAUBLU filters.

X 3
R 0.645 0,320
G 0.265 0,692

B 0.160  0.015
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The blue primary was too woak and bad a primary hue of about 440 nm which was too far
toward the violet. A new fliter BAUS00 was developed which gave a much better luminance
at about 90% purity with & dominant wavelength of about ¢85 nm,
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The fina] set of primaries was then

X y
Red 0.848 0.-820
Green 0.287 0,650

Blue 0.153 0.06% .

with the color wheel filters BAURED, BATJGRN 30, and BAU500, Other trials were made in 3
which the blue, green, and red fllters were shifted back and forth, but the set of filters last
specified gave the best results,

Figure 33 shows the final filter locations superimposed on the normalized phosphor spec~
trwns. The last task in specifying the phosphor was to calculate the luminance ratios which 3
should be observed when the luminance in each of the primaries was compared to the total
luminance from the CRT. For the final set of primaries "RATIO" was used to find the lum- C
inance ratios needed to mateh Illuminant "C''. Thease were approximately: A

(3

v
T _
Yt— = ¥ =3.4 where Y, = total luminance

t t ‘

i
b _ Yblue _ . |
Yoo

but the spectrum SRGB, in which each of the phosphors has been properly scaled to give the

correct chromaticities when through the various filters, vields luminance ratics: ;

Y'r i
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The ratio Yg/Yb to yleld white = 6.5
The ratlo Y'S/Y'b to yleld good green purity = 18,0

~_ Thus, we._see that we must have much more green than required for maximum balanced white.
This is a compromise made necegsary by the broadband spectrum of the blue phosphor. If a
narrow-hand vlue phosphor becomes available, the brightness of both the red and the blue can
be increased for a greater white brightness. For an assumed 10, 000 footlambert maximum

ITERUT ey -

CRT luminance, the luminances of each primary as measured through each color filter are: 1

Red {measured through BAURED)
Green (measured throug:: BAUGRN 30)
Blue (measured through BAU 500)

N

1500 footlamberts 1
7900 footlamberts
600 footlamberts 1

]

The maximum white brightness possible with this mixture {8 approximately 6000 footlamberts

i for the maxiumum luminance through all the filters of 10,000 footlamberts,

PR

3.3.+ Summary of Trade-offs {n Phosphor Selection and Color Wheel Filter Specifications

. The blue phosphor wag broadband, therefore, the amount of the green phosphor
had fncreased above the amount required to vield a balanced white.

) Since the maximum output of the CRT was estimated at 10,000 footlamberts, ounly

500 footlamberts of the blue could be used. About 4 times this amount of blue {s
required to achieve the minimum of 15 footlamberts on the display screen.

85




3,3.5 CRT Phosphor Specifications

~ Whits Brightness. 10,000 footlamberts at writing spead of 290,000 inghes per ancond with
simultaneous requirement that line width not exceed 0.003 inches. (Test 7cqniditiiongi 3.1"x
' 8.1" raster, 1000 lines ‘frame at 180 flelds per second).

Mix
Red Phosphor 1500 footlamberts @ 630 nanometers
Green Phosphor 7900 footlamberts 530 nanometers
.Blue Phosphor- - 600 footlamberts @ 470 nanometers -

Aluminized Screen

Decay Characteristice. (persistence)

Red Dovwn to 1%* within 5.5 ms
Green Down to 1%* within 5.5 ms
Blue Down to 1%* within 5.5 ms

*Phosphors down to = 10¢: in 5.5 ms may be acceptable {f others are not attainable.

Thomasg Electronics was supplied with three Bausch and Lomb interference filters with the

reqguired passbands and edges. These fllters were:

Bausch and Lomb filter

Red 90-2-000
Green 90-5-540
Blue 90-1-~500

3.3.6 Color Wheel Filter Specifications

The specified filters are those Bausch and Lomb filters Usted above, The spectrum limits of

these three filters as shown in Figure 34.
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Figure 35 shows all of the filters superimposed on the same graph for ease in seeing the
relative positions of the filters, These specifications were submitted to Bausch and Lomb
for fabrication of the color wheel which is described in Section 5.2 (Figure 49 shows the
spectral reaponse,)

3.4 AREAS FOR FURTHER INVESTIGATION
3.4.1 Phosphors

One very worthwhile effort in order to improve the Real Time Improved Color Image Display
would be the investigation and development of new rare earth phosphors. In particular, a
good blue phosphor with a spike output around 470 nm would significantly improve the on-
gereen color brightness of the display. Another approach still pertaining to the rare earth
phosphors, is to find & white or near white rare-earth phosphor with widely separated narrow-
band outpute similar to that shown in Figure 36. This phospbor has unwanted output

at 590 nm and a fairly small output at 620 nm, but has good green at 545 nm and good blue
response at 450 nm. The relative amplitude of the peaks can be changed by varyving the doping
levels and the processing; and, as a group, the rare-earth phosphors are efficlent and
reasonably linear. It would seem worth the effort to do further investigation {n this area.
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R 3

3,4.2 Variation of Phosphor Ratios

~ For muny alpimnumario and graplic §apliceons, the biightiess oithé (adividual c6lots 18

more !mportant than the ability to ¢reate highlight white where the percentages of red and blue
are quite low compared to the percentage of graen. Therefore, for these applications, the
white brightness oould be decreased to a level near that of the component red, green, and blue
brightnesses. This is easily done by decreasing the amourt of green phosphor and increasing
both red and blue, Further study should be undertaken to determi~~ the optimum phosphor
ratios and consequently the component ¢olor brightness ranges f. - plays intended only for

'gf'raprﬁicrand a.lf)ha.numeric'use.

3.4.3 Color Filter Characteristice

A common comment of p 'rsons observing a color display used for graphies, ete. i that the
red and blue colors are too dim. As mentioned above, the phosphor ratios can be changed to
somewhat improve this situation, cut, even more important, both the filter and phosphor char-
acterigtice can be changed to yleld primaries which are less saturated than those requested in

the Wright-Patterson specifications.

A study on the comparison of saturated low brightness primaries against less saturated higher
brightness primaries could be conducted. For non-pletoral information, the less saturated

colors may be more sat{sfactory,

3.5 SUMMARY ON DESIGN OF CRT PHOSPHOR COLOR FILTER COMBINATIONS

The method used to design the CRT phosphor-filter combhinations has been described above.
The metkod {g fterative and does not seem to allow a closed form solution:; however, con-

vergence is rapid for most prot.lems,

A nrototype tube wes built bv Thomas Flectronic= using the phesphora and phosphor ratieos
cheosen above, The operation has been julte sati -factorv from all vlewpolnts and i{s described

in Se~ticn 4.0 (CRT specification=) and Section 2, ¢ (Test resulta for completed diaplav mix).
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CRT SPECIFICATIONS

Many parameters of the CRT were important for the intended fleld sequential application.

Two major areas are:
T ) e 'Oﬁﬂcralih;[echs.nical parameters
3 e Electrical parameters.
:
3 Examples of the opto-mechanical parameters were the size of the CRT and the optical con-
,?_ figuration. For electrical parameters, there were the focuaing method, the deflection '
‘y method, anode voltage, deflection angle and others to consider.
: §
- All of the parameters had to be considered in view of the many system restraints imposed j
i
by the gpecifications. The restraints that apply to the CRT are discussed in Section 4.1.
i The design specifications are developed in Section 4,2, CRT specifications, and test results : 1
X are included in Sections 4.3 and 4.4, {
} 4.1 SYS.EM SPECIFIC ATIONS

E
:
L
b
i
;
t
i
t
i
!
i
I

if‘ 4.1.1 Color Purity and Color Gamut
g The phosphor considerations are covered in Bection 3.
¢ .
S_ 4.1.2 Display Brightness and Image Size H
' The specifications require a 14" by 14" image on the viewing screen., Since a ffeld sequential '{
approach was followed, {t was necesgary to have as small a CRT a8 possible both from the ‘
i
standpoint of bullding suitable projection lenses and from the standpoint of conserving space, {
) A large CRT would require a large bulky color wheel unleas some type of relay lens syatem “
1
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were employed which would in turn seriously reduce the light efficiency. The brightness
requirement of 75 footlamberts on a 14" by 14" screen meant that a low f~number lens

. - . ¥ould be required which jn.turn digtated that-a precision-flatfaced CRT must be-usedto - -
match this lens.

The screen brightness is calculable by the following formula

. 2
5 _BFL TF TM G

5 aMeF E M

where

B_ = Screen brightness in footlamberts

B = Brightness of CRT in footlamberts
TL = Transmissafon of lens 0,73

TF = Transmission of color wheel = 0. 31
T

M T Tranamission of optical mirror = 0. 94

G = Gain of rear-projection screer = 2.5
M = Magnification (14" from 3.1 = 4.5
F = f-stop of projection lens

We can solve for the f-number required where the screen brightneas 18 75 footlamberts
and the CRT brightness ig 15,000 footlamberts.

BS~lC\I+1)"f' = BTL TF TM G- Bs M

T’Z ~ 2
BTL TF M G- BEM

o
impliea f =

I}
101" Bs
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Figure 37 shows in graphical form the relationship between the CRT brightness, the screen
brightneas and the lens f—-number for the conditiona noted.

At the time the bid was let for the projection lens, the best lens that the optical companies
“thought could be built m;thfgpqdiregqlggqg and color correction was about f/1. _As Figure
37 75717170;\/;,, the maximum screen brightness for the /1 lens with a 15, 000 footlambert CRT
brightness is about 55 footiamberts, Today, the computer-aided optical design programs
and the designers gkills have improved sufficiently that £/0.8 lenses appear possible, Dif-
fraction Optics of Mountain View, California Was indicated that they would be willing to bid

for constructon of an 0. 8§ lens with auitable resolution and color correction for the Real

Time Improved Color Image Display, With this new f'0.8 lens which has recently become
feasible, the brightness of the display would reach 78 footlamberts using a screen gain of 2. 5.

4.1.3 Modulation Transfer

The AFAL specifications requested a 507 modulation transfer factor in both the horizontal
and vertical dimensions at 1000 TV line resolution. The modulation factor of 50+ should
thus be obtained with a resolution of 500 line pairs per screen height or width. For a 50
spot width equal to 3 mila, the modulation transfer factor can be calculated by the
formula below for an apsumad gaussian spot. Even though the projection CRT spot is not
truly gaussian, the approxdmation is fairly good for initial estimates,

FOO-F D 2)
F O

M =

where

+ 6 1
Fx) = a»;pl:—‘;,—cxND] !
=%

-

-8 o
Foy & Z exp [—2.76N" (D*W)z] j
-0
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I -2.76 (D/2) -ND) ]
F(D/2) = e.xp[
_Z o

i

and D
W

the separation of the gaussion spots
the 50% width of the gaussion spots

A good approximation to the infinite sums is to aum only 10 gaussians and calculate the mod-
ulation at various width to separation ratios for the centermost gaussian. Figure 23 is a
graph of the results obtained for width to geparation ratios of 0 to 1.4, One curve is calcu-
‘lated for using the 2¢-width (60.6 amplitude width) and the other for the 2.35¢ width (50%
amplitude width), These two curves can he used to rapidly estimate the modulation resulting
from various spot sizes. Since the limiting confrast resclution of the eve 15 about 2% (Con-
rady criterion) the 2¢ curve tells us that the shrinking raster technique yields spots widths
near the 2¢ width rather than the 50% (or 2, 35 width. The conclusion reached by noting
that 2 moduiation is obtained at a width-to-peak ratio of about 1.03:1 on the 2¢ curve. Now

L
y
o
| 1

|
|

N

L

we estimate the percent modulation at 500 line pairs per 3.1 inches and a shrinking raster
gpot size of 3 mils.

Separation of gausgsians = D = z== = 6.2 mils

! 0% width = 3 mils

§0-> width-to-peak separation ratic = — = 0.434

Using Figure 38:
L’_ Modulation = 767 in the center at 1000TV lines
The 500 line paira per 3.1 inches is used gince a 3. 1~inch raster is the largest square raster

that can be uaed on a 5 CRT without bringing the corners of the raster too close to the edge
of the faceplate.
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With dynamic focus, the spot growth from the center to the edge of the CRT can seldom be .
held to less than 30% *. This perfermance is verifled by Philco-Ford experience with pro- '
Jecton displays utilizing dynamic focus. '

Baged on an estmated 30% spot growth in the corners, the spot size at the 60% point can be
written W' = 1, 3W. Recalculating the modulation at spacing d = 2W with width W' = 1. 3W
we have ]
separation of gaussians = D = %3% = 6.2 mils
30% width = 3.9 mils -
60% width-to-peak separation rato = % = 0.63

using Figure 4-2
Modulation = 44% in the cornmer at 1000TV lines

Since the predicted depth of modulation of the lens was at least 85% over the entire fleld at
LO0OTV lines, we can estimate the center and edge modulation on the screen by multiplving
together the depth of mocdulation numbers for the lens and a 5" CRT.

It should be noted that the above calculations are exariples for systems with gaussian respon-
ses for the spot contour. The actual situation {s that the spot 18 somewhat flattened on top
and has steeper aides than the conventional gaussion apots. This implies that the actual re-
sults would be better than those of Table OI if not reduced due to other factors such as voke
fringe flelds, ripple on the high voltage power supply or jitter in the deflection waveforms. 7
TABLE III |
DEPTH OF MODULATION

e

Modulation CRT Lens Total 1 }

— |
CENTER 785 85% i 65 Y
EDGE 147 5% J 32

= White, L.E., Electronic Equipment Engineering, Vol II, No. 4, 1963 1
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4.1.4 Electricul Parameters of the CRT
]
} -~ “The important chafatterigtcs of thé CRT are: ’ - -
_1 1. Focus method
. 2. Deflection method
Ej 3. Deflecton angle
k 4. Accelerator voltage
5. Grid number 1 cutoff voltage S
7 k 6. Modulation voltage
7. Line width
&, Spot position
9. Accelerator
The focus method for projection CRTs is almnst jnvariably magnetic for two n. jor reasons.
First, the magnetic lens formed by the magnetic focus coil {8 much larger in diameter than
any electrostaric lens could be, Therefore, a magnetic lens has higher current handling ¢apa-
bility with lower distortion than an electrostatic lens. Secondly, a magnetic lens will gener-
o'y produce a smaller spot than an electrostatic lens. Some disadvantages of magnetic
1 toous are that dynamic focus is hard to perform {ut is even more difficult for all electro-

static methods) and the focus coil {8 heavy, often welghing more than 2 lbs, Additionally,

the focus coll must be precisely aligned with the axis of the electron beam and this alignment
maintained In the presence of vibration and shock. In spite of these disadvantages, magnetic
focus has been proven by experience at Philco-Ford to give the best results for high resolu-

tion projection CRTs when compared with the electrostatic alternative,

The deflection method {8 magnetic to avold the high voltage levels and spot distortions
caused hy electrostatic deflection. Also, the deflection angle should be kept low to mini-
mize deflection defocusing., Projection CRTs with 45° deflection angles '.ave been used in

scveral Philco-Ford projectors with good results.

A high accelerator volitage is desirable for achieving » high brightness at reasonably low
heam currents. The lght output for a properly deslgy+d soreen varles a8 L = KE lto 1.5

s @

. '
———
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where E is the anode voltage, L is the luminance of the screen and K is the proportionality
constant, where the beam current is kept constant. Soms of the tradeoffs are that as the anode
voltage is raised, there ia more tendency-for areing to ocour in the-elevtron gun and tha de= -
flection currents required increase to higher values. Also, the glass in the CRT becomes
more severaly streased in the dielectric sense and puncture of the faceplate and CRT neck
become more common. Projection CRTs such as RCA's old TNP4 operated at ancde voltages
of 73 Klovelts and highlight brightnesses of up to 30, 000 footlamberts; bowever, these tubes
were difficult to use because of the high voltages required. Present projection CRTs are
built to operate with anode voltages of 40 to 50 Klovolts, This practice has resulted in rea-
sonably high brightnesses (p to 18,000 footlamberts, depending on the writing speed) and
ease of operation since the 40-50 kV anode voltage is relatively easy to work wlth,

Another important parameter of the CRT s the grid-to-cathode cutoff voltage and the related
medulation voltage required to modulate the CRT to maximum brightness, For high resolu-
tion projection CRTs, the grid-to-cathode cutoff voltage should be kept as low as possible
while stil! maintaining as high a beam current capabiiity as possible in the CRT gun. The
Egk (grid-to-cathode) voltage should be low because we want the maximum bandwidth from
the video amplifier and it is much easier to modulate S0 volts in 3 nanoseconds than to
modulate 120 volts in the same 8 nanoseconds. A cutoff voltage of -80 to -110 volts was
srpeciﬁed since this performance had been achieved with other 45 kV projection CRTs used
by Philco-Ford. S8imultaneously, an accelerator current capability of 2000 ua was specified.

The line width was gpecified at 0, 003 inches as measured by the shrinking raster method.
The tradeoffs involving the resolution are digcussed in paragraph 4. 1.2, This line width of
0,003 inchea was the besat performance we could obtain in a high brightness projection CRT.

The spot pesition was specified to guarantee that the focus coil could be aligned with the
electron beam without the use of an excessive offsstting magnetic centering field which
could cause spot astigmatism. Tndeflected spot poaitions within a 3 8' radius circle
located at the center of the CRT are falrly easy to correct with low {ntensity magnetic
centering fields which do not significantly distort the shape of the electron beam.

4.1.5 Mechanical and Optical Parameters

These parameters concern only the faceplate of the CRT which 18 an optical element of the
lens. For the purpoaes of the CRT specification, it was sufficient to specify the flatneas of

the surfaces to be within 0, 006 inches RMS and to be parallel within 0, 005 inches.
79
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notee on the next page,

1.3.1

- The-detailed ORT apecifications are-found-in Appendix ;-

The test results are listed in Table IV with explanatory

The test results are discussed in paragraph 4. 3. 1.

Discussion of the CRT Test Results

Iv.

TABLE IV
CRT TEST RESULTS

4.2 CRT SPECIFICATIONS AND STATEMENT OF WORK

The parameters apecified In the specifltation and statement of work were tested at Thomas
Electronics, Wayne, New Jersey.

The results achieved by Thomas Electronics are compared with the specifications in Table

i

Parameter

Specified

Test Resulf

Operating Condidons

Grid no. 1 voltage

|
{ Accelerator voltage
|
! {note 1

Line width (note 2
Modulation

r Spot position
Light output

Accelerator current
U'sefu. scan diameter

Max. outside diameter

Overall Tength

10, 000 volts
-30 10 -110 volts

tvpical 0.003 inch

80 voltas, max.
(note 1)

within a 3 8''-radius
circle (note 3)

10,000 footlamberts
min. mote 4)

2000pa at 10,000 fL
4 3 4 inches
5,428 Inches

21 inches, max.

45, 000
-110 volts

0.003 inch

30 volts

within 1

15, 000 Zoot lamberts
(mote 4

110Qua at 15,000 (L
4 3 4 Inches
5.425 inches

17 21 32 inches

8" -radius circle

50
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TARLE IV (Cont.)
l PARAMETER SPECIFIED TEST RESULT
o S S v i s e R s SRS —
Phosphor Luminancas '
l "Red | 1s00fL=10% | 1720fL
Green 7900 TL = 10% _ 9500 fL
E Blue : 600.fL = 10% 540 {1
|
E General Dimensions not specified other see Figure 39 |
g o L ‘than abeve. o
E Explanatory Notes for Table IV
E 1. Visual extinetion of undeflected, focused raster.
) 2. MMeasured at minimum high light brightness output.
l' 2. With the tube snielded against external influences, the undeflected and focused spot will
: fall within a 3/8"-radjus circle concentric with the tube face center,
{7 4. The area brightness i8 measured using a 15 minute aperture of a Pritchard Meter;
' L 1" x 4", 264 - line raster.
E The CRT as delivered, met all of the specifications except that the phosphor ratios were
slightly out of tolerance, Specifically, the amount of the blue phosphor wae somewhat less
than we specified in relation to the red and green phosphors., The effect of this was to make

. the green primary more pure, but to produce a lower blue brightness. The tube did produce
- more total light output than was specifled, however, and we elected to accept delivery from
Thomas Electronics since the other parameters were satisfactory and the phosphor ratios

were not sufficlently in error tn prevent satisfactory operaticn of the CRT display.

o

This CRT has been inatalled and has been operating in the Real Time Improved Color Image
Display for over 8 months. The overall performance of the display using this CRT is
discussed in Section 1.

AN
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4.4 AREAS FOR FURTHER INVESTIGATION

-~ 4.4.1 Coollgg of the CRT

The five-inch CRT used in this investigation 18 composed of two types of glass. The face~
plate {8 a proprietary barium glass, manufactured by Corning Glass Works, whereas the
bell and neck are formeéd of common 0120 lead glass. Experimental testing of CRTs made
of soft glass have shown that the average faceplate power' dissipation must be held to less
than 1 watt per square inch if one is to avold cracking of the faceplate. For the three inch
by three inch raster, we obtained 9 watts Wh{Ch t;aﬁglates to 225 microamperes of average
zf beam current at 43 KV anode voltage using the highest picture duty cycles. Since the peak
beam current for the 5M117 exceeds 1.6 milliamperes we see that 225 microamperes
represeats g duty cyvele of only 225 100a=14% for the CRT. Many pictorial scenes and
inverted (black-on-white) alphanumeric display formata can easily exceed this duty cycle
and possibly destroy the CRT by excessive heating,

o ——

—— p—

has been to aircool the faceplate, nowever, this is difficult to implement effectively since the
space between the lens and the CPT I3 usually less than 1 4" for a high efficiency refractive ¥

|
{ optics display, The other approach taken has been to construct the faceplate of a more rug- 1

Two posaible soiutions to this heating problem have been employed in past designs. The firat 1

ged material. Hard glass has been tried and will withatand higher thermal loads, but usually j
darkens rapldly due to x-vray induced color centers. Raytheon has taken a novel approach
and has constructed a CRT with a faceplate of crystaliine sapphire., The sapphire has a ther-

mal conductivity around 38 times higher than that of glass. Thus, much higher thermasl

J—

loads can bhe telerated without building up destructive thermal gradients in the faceplate,

Raytheon has alac implemented a cooling collar around the periphery of the acreen area
|- through which a dielectyic cooling Auid can ba circulated. The disadvantages of the Raytheon r‘
tuhbe are the high coat of approximately $5, 000 (in unit quantities) and the existence of “twin- e

:ng " defects in the oryeialline sapphire which result {n different optical properties In the
sapphire along different directions. The end result of these defects s a loss of optical resol- ;
ution in the area of the "twining' defect, Con-.ersatons with Raytheon have revealed that it ‘
1

1 js practically {mpossible t2 obtain sapphire entirely free from "twining ',

R AR e



In summary, some improvement in power capabjlity can be expeoted if air cooling is used.
Large i_mprovements in | power ¢ capability result if a sapphire faceplatﬂ is used, but the ex-

“ent of the resolution loss due to "twlning" would have to be stud:led to reach a concluéion
~ about the suitability of this approach for high resolution projection applications ’

4, 4.2 Resolution (line width) I.tpprovemén,ts,

At the present date, 3 mils {s about the best line width (shrinking raster) that has been ob-

- tained for high brightneas projection CRTs. This is mainly due to the large cathods areas

and aperture sizes needed in the electron gun to achieve high beam current densities.

It appears that the best way to guarantee good modulation at 1000 TV lines for a refractive
projection system will be to use larger CRTs and lenses and employ precision ![inear ampli~
fler tvpe focus correction. Some benefit might be obtained by anti-astigmatism correction
using two axis cyvlindrical field corrections both static and dynamic. These elaborate dynam-
fc spot size correction svstema are usually only found on precision display systems utilizing
spot sizes less than 1 mil; however, some improvement would be realized {f these correction

methods were used on CRTs such as the 5M117,

The resolution can also be improved by utilizing better deflectior. vokes. There are many
tradeoffs in the design of uniform precisfon deflection yokes and Philco-Ford's experience
has been that the voke seiection must be done empirically. Since, a yoke which performs
well on one CRT type may not perform well on a different CRT. The present voke is a
Celco FYS443, which is a apecial high senattivity, iow inductance yoxe designed for use with
a projection CRT Identical to the 5M117 in physical characteristics. A shorter yvoke would
require increased deflection currents but at the same Hme would decrease the spot astigma-
tiam caused by the longer voke. At the high deflection speeds required by this display, {t
may not be possible to Increase the deflection current appreciably because of current and
zpeed limitations in present semiconductora, Further detailed study of high speed magnetic

deflection syvstems {e currently progressing at Philco-Ford to evaluate new yokes and new

circuit designs.
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. SECTIONS *

OPTICS CONFIGURATION

5.1 LENS

The lens, ag lrniitialrly propoé'edi,i wae one which would be a refractive optic 5. 3-inch focal
length with ;1 relative aperture of 1.0. The lens was to be corrected for the full spectral
range of the system and the modulation transfer function maximized for the 1000-line format.
Digtortion in the lens was to be less than 2%. Axial transmission was to be 75% minimum. ?

The design and fabricaticn of the lens became the most complex development of the color
display system.
l A leny with these performance characteristics was exceptionally difffcult to design and

I Tlie original specification for the procurement of the projection lens 18 shown in Figure 40. J

: manufacture,

The refyav.ive lens types considered for this application were the Petzval, the Sonnar, and the

double Gauss, All three lens types are capable of high speed but have conaiderable differ-

———

ences in fleld coverage.

The Petzval lens can cover 2 fleld up to 20° and has the advantage of shallow curves and simple

( construction. Its size 18 relativelv large.

The Sopnar, smallest of the three, covers a field of about 300. The weakness of the 2onnar {8

color correction.

The double Gauss {a the only cholce to cover a fleld bevond 30°, Itis a complex lens with
steep curves, Its color correction 18 very good. No difference ig8 noticeable in its perform-

Ry N .

ance over the spectral range, Its only weak point 1s its oblique spherical aberration which

is very difficult to correct.
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The lens is intended for projection, the object plane is the CRT phosphor, and the imege - o

CRT PROJECTION LENE SPECIFICATION

plane a rear projection screen,

(]

e W

o

-1

D

10,
11,

Spectral coveragé: 3 color phosphor energy distribution:
' 6% at 470 nm

_ 79% at 520 nm

15% at 620 nm
Object: 80 mm x 80 mm
Image: 356 mm x 356 mm
Resolution: 13 lines ‘mm minimum at object plane both sagittal and tangental at
all zones. Modulation transfer function minimum ¢, 50 at all zones at 0-13
lines ‘'mm both sagittal and tangental.
Track length: 950 mm %50 mm
Aperture: f* = 1,0 maximum
Field: Both object and image fields are fiat,
Distortion: 17" maximum pincushion or 57 maximum barrel. Barrel distortion
preferred to pincushion if any distortion exists.
Axial transmissfon: 307 minimum
Relative illumination: 70> minimum
Special features: ’
a, Object ig a CRT faceplate 5,5 0,5 mm thick
b. Between the CRT faceplate and lens there will be a glass plate 6,5 mm

+0, 5 mm thick (Plate glags),

()

The minimum aspace between the rear of the lens mount and the front of the
CRT is 10 mm,

Quantity: One only

Deliverv: 90 - 120 days ARD

Figure 40 CRT Projection Lens Specification
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The first two designers to wurk on the design falled completely. Every opportunity was
afforded the vendors to suggest © ohanges in the speomoation v»hioh would assist in the design

but not serious!v degrade performance None were suggested Diffraction Optios was the
“vendor who succesafully designed the lens. They requested that the resolution specification

be applied over an 30mm object dia. elrcle rather than an 80mm square: the relative illumi-
nation specification to apply at the edge rather thap the corner. Axial transmission was to
be reduced to 70%, and the color wheel moved from behind the lens to between the fleld
flattening clement of the lens and the remaining elements, The changes were acceptable to

Philco-Ford, the design completed, and the lens fabricated. A photograph of the lens 1g shown - -

in Figure 41. The lens system consists of 11 elements pilus the color wheel and the CRT
faceplace, both of which are included in the design and are required for proper performance
of the lens. Figure 42 shows a cross section of the lens. The central air space was made
adjustable to permit optimization of fleld curvature and astigmatism at aggembly.

At high speed, the maximum field coverage of the double Gauss design is 40°, just sufficient
for this application. Astigmatism and fleld curvature are well controlled, resulting in a very
even performance over the field. This can be seen from the measured resolution data.
Isolated areas of poor performance are not present. The use of a field flattener was found
necessary In order to allow the radii of the lens element surfaces near the central aperture
stop to be increases thus reducing the powers of thoee surfaces which are the main contri-
butors to oblique spherical abberation., In this way, the oblique spherical aberration was
kept within acceptable limits,

The glasaes are of medium refracrive index. Although an increase of index is, in general,

helpful to the correction, a significant increase from the present level woud sharply in-
crease the cost of the glass.,

The glasa-types are shown in Figure 42 . Figure 43 shows the catalog design for the lena.
As usu~l, slight deviations from the design exist in the lens because of glass variations and

manufacturing tolerances, The performance {3 not degraded by these amall variations.

Every effort was made to keep the dlameters of the lens elementa at a minimum and still meet
the performance requirements, Small diameters make the lens lighter, easier to fabricate
ard, most important, allow for selection of readily available glage blanks from which the
elements are made.
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Fizure 41

Photograph of the
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BASIC LENS DATA*

AXIAL
~ SURFACE  RADIUS  THICKNESS
0 0.0 32, 553436
. B 0.0 -8.113277
Q 2 16, 632772 0,551181
) 3 511, 636487 0.039370
’Ei 4 13.931551 0, 472441
' 5 47.274949 0.034370
E 6. 5.574327  .0,743032
- 7 16. 483259 0.039370
3 2,.910349 1.2769%2
L 9 23.036616 0.236220
10 1.975%63 0.%26902
[ 11 0.0 0.737402
12 -6, 404511 0,236220
E 13 3.262086  0.574-25
14 -18,311700 0,316949
2 15 4,310131 0,944532
16 -72,637354 0.200200
i 4.122453 0.393701
3 13 3,577805 0,35433
19 5.541%03 0,669291
z 20 -71.256963 0,337273
21 0.0 3,255908
[ a0 0.0 0.590551
23 -3.,423078 0,073740
[ 24 0.0 0,039370
25 0.0 0,016757
f ) 0,0 0.0
! BACK WORKING
ETL FOCUS F-NUMBER
% 7,071 0,216% 1.2
I Tigure 43
i =Al1l dimensions are in inches
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MAGNIFICATION

LENGTH
10,5095
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REFRACTIVE CLEAR
INDEX APERTURE
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3.1.1 Lens Evailuation

The lens was set up on an optical bench with the cclor wheel and glass, simulating the CRT
face plate properly placed at the rear of the lens. A high contrast USAT 1951 test target was
fixed on the back of the CRT faceplate. The target was backed with a ground glass placed
sufficiently behind the target so that the grain at the glass would be out of focus at the pro-
jected image plane. The ground glass was used to simulate the lambertian radiation pattern
of the CRT phosphor. The ground glass was illuminated by a tungsten source running some-

what over voltage to boost its output and color temperature.

The lens was mounted on a pivot located near the front nodal point of the lens. A T-bar was ex-
tended forwaird from the pivot point to the projected image plane and rotated with the iens.
The cross bar on the T-bar defined the plane of the projected image. A detector head was
set up on the optical bench and, by means of a roller mechanism, made to travel along the
bench in contact with the crossbar while the lens was pivoted. In this way, the lens could be

tested over its entire field. Figure 44 shows the test set up arrangement.

The detector head was an optical fiber of 50-microns diameter mounted in a micrometer to
allow linear movement over some distance. The optical fiber was coupled to a photometer
from which the output was recorded on a chart recorder. The depth of modulation testing
was accomplished by selecting an appropriate target section and projecting it on the detector
head located at the image plane. The optical fiber was made to scan across the image and
the output recorded along with a reference zero level. This measuremant was performed
on axis, off axis at 2 corners of the designed image area, in both sagital and tangential
planes and with red, green and blue filter sections in place

The target section used was group 2 part ¢ of the USAT 1951 test target which corresponds
to 7.2 linc pairs/mm. This is in cxcess of the 6.5 line pairs/mm required. TFigure 45 is a
typical chart produced during the tests. The depth of modulation is defined as the ratio of
the difference hetween the maximum response and the minimum response to the maximum

responsce,

max-min

Depth of modulation =
max
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The axial transmission was tested by passing a collimated beam of light through the center of
the lers, collceting it in an integrating sphere, and measuring all the light emerging from

-~ - -the lens.. Tha measurement was then made without-the lena-it plage..-The vatio of tha:light - . - -
- measurea with the lens to the light without the lens (s the axial transmission.

The relative jUuminaton was Zdetermined by use of an extension of the axdal transmission test,
The tesat setup and procedure was identival to that used for the axial transmisgion measurement
except that the trarsmissicn was measured at two off-axis positicns, the edge of the fieldr, and

the corner of the field. The relative illumination is the ratio of the off-axis transmission to

i
i
|
i
]
!
]
)
!

|

The fleld flainess measurement is impliclt in the depth of modulation measurement. The

aperture and distortion are determirned in the design of the lens and were not measured.

Performaice Resulis

1. Depth of moduiation: 0,53 to 0.93

[gv)

Axial transmission: 6%

(%)

Relative Illumination: edge 0,87

corner 0.50

Complete data is contained in Appendix V.

Tigure 42 also shows the ray trace through the complete optical svatem from the phosphor
to the viewing screen.

The particular optical configuration, shown in Figure 42, was chosen to permit the display
to be packaged with as little wasted space as posgible. The only real degree of freedom is in
the folding of the light ravs after leaving the lens.

h———

—

The material used for the viewing surface was a diffuse plastic screen made by Pola Coat,
Thig ie a fine-grain material with a resolution on the order of 40 linc pairs mm: far in excess I

of the 4+ line pairs mm to Hc displaved. The material 12 available in variou 1in values, Sc-

lection of the screen gain will influence the image brightness and viewing any. - of the lis-
piay. The light hitting the screeu is redistributed into a radiation pattern dependent on the
gain. A high-gain screen causer most of the light to be beanied forward {n a narrow cone 1

<6 that a viewer on axis sees a bright image while a viewer off axis sees a dim {mage. A
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low-gain soreen tands to meke the r'gdiatién pﬂ:om-fery broad so that no mattc» where a
viewer i3 located, the image viewed will have the same brightnese. The maximum bright-
ness ohserved with a high-gain screen will be more than that with a Jow-gain screen assuming
the same source radiation. ' '

- The lens designed for this application exhibits exceptional performance in all parameters and,
at the same time, is rather compact compared with other lansés of simiilar but poorer performance
obtained for earlier applications. To achisve-the 0,85 dapth of modulation factor over the
entire field in an f/1.0 lens {8 even more significant when the flatness of both the image and
object planes is considered along with the 329 full-fleld angle. Perhaps the only digappointing
-area of performance-was an-axial transmission of 76%; but-disappointing only {n-comparison” = -
with the excellent performance in the other areas.

Lens Performance Summary

1. Object size 80 x 80 mm
2, Image size 356 x 356 mm
3. Trapk length 950 mm
4. Relative aperture 1.0
5. Depth of modulation at
6.5 line pairs. mm 0.35
6. Axial transmisaion 76%
7. Relative {llumination 83% edge, 506 cormer
&. Distortion -1.2%

Phyaical Parameters:

1. Length 11.0 inches
2. Diameter 8,0 inches
3, Weight 33 Ibs

The present design represents the state-of-the-art in high-speed wide-angle projection lenses
and its complexity has reached a practical limit. Resolution could be traded however, with
speed. If a reduction in resolution could be tolerated, an increase in speed could be obtained.
For instance, a depth of modulation of 0.8 could be obtained at f 0.8 and 6.5 line pairs ‘'mm.
similarly, a reduction in speed would allow greater resolution. Field coverage seems to
have reached its upper limit.
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== -~ <The.color wheel as initially proponed.sis to:be a-new.devel

5.3 COLOR WHEEL DESIGN-CONSIDERA TIONS

- slst of a glass disk 12 inches in diameter and 0, 125 inches thick. The vﬁ:eel was to have
evaporated on to it multilayer filters of appropriate spectral peaks and bandwidths, These
filters would form-a ring 4 {nvhes wilde around the periphery of the wheel, The wheel wss

to be mounted between the CRT:and the tear of'the 1éns 8o that the filter section would cover

the actlve area of the CRT faceplate: an area 3.1 inches x 3,1 inches, The filter sections
would be ahaped to assure proper registration between the advancing raster and the rotating

~~interface between different color sections on the wheel, -

stated above, the following parameters were considerations in the mechanical design of the
color wheel,

5.

Size and shape of the color sections
Overall wheel size

Method of manufacture

Mounting method

Mechanical mounting and drive,

The primary requirement of a color section is that it follow the vertical travel of the raster,
That is,

that particular color must,
the phosphor has some finite decay time,

whenever the fleld representing a partieular color {s being generated, a filter of

at all times, overlay the spot generating the fleld., Also, since

it is important that only the desired color filter

overlays any particular spot until the phosphor has decayed below visibility, Alternately,

an opaque section of the wheel may cover the decaying phosphor, However, the opague sec-

tion 1s undesirable because {t prevents potentially useful light from passing through the wheel,

The size and shape of the filter gections are determined primarily bv the size of the raater

and the position of the center of rotation of the wheel.

midmum overall dlameter of the wheel.

The t-inch diameter of the CRT mount and the anticipated large rear dlameter of the projec-

These parametzsra alao determine the

tion lens dictated that the center of rotation of the color wheel be approximately 4 Inches

from the center of the CRT faceplate.

wheel,

In order to minimize the overall diameter of the

the center of the wheel was located as shown in Figure 44¢.

9

¥ 4]

Using the design ground rules, as ~
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The cholce of center location resulted in an ovarall filter diametsr of 12 inches. The width
o of the fiiter band on the whesl was determined by swinging two arcs concentric with the center j
7'{ of rotation whinh contained between them the entire scanned area on the CRT faoeplate

ht““ e o

.-{, - - To minimize the rotational speed of the wheel, the number of color sections was maximized,” -~ - *j
8 It wae considered desirable that each fllter section be able to cover the entire raster area
and thereby agsure maximum ut:llizat!on of the llzht from the decaying phosphor The maxi- j
mum Jumber of sections possible to meat this parameter {8 5; 2 red, 2 green, and 2 blue,
the number of sactions must, of course, be an integral multiple of 3. 1

The next requirement was to determine the shape of the tllter sections 80 that ag the u.heel “
rotated and the raster advanced, the prop-r color would always overlay the raster. This was ’
determined graphically in the follnwing manner. A paper disk was cut approximately 13 Inches 7
in diameter to simulate the color wheel. A 3.1 inch square opening was cui in another piece '
of paper to simulate the scanned area on the face plate of the CRT. A 61° section of the
paper disk was divided into 8 smaller equal sections which were numbered {n a clockuise
direction. Vertical edges of the square cut out were marked off into & equal sectiors which
were numbered from the bottom. The disk and cut-out sheet were arranged as in Figure 43
with the cut-out sheet flxed while the disk was free to turn beneath it. The disk was rotated
8o that the upper edge of section 1 coincided with the lower left corner of the cut-out. The j
lower edge of the cut-out was then traced onto the disk (Figure 47a) and the disk rotated

until the upper edge of section 2 was coincident with the lower left corner of the cut-out ;
{(Figure +7b).

e

A

A line parallel to the lower edge of the cut-out was then traced acrosa the opening onto the
digk at the lower edge of section 2 on the cut-out, This procedure wzs repeated for each
wheel section and cut-out sectlon (Figure 47 ¢, d). {

The resulting famlily of traces {s shown in Figure 47.  The uppermost edge of this family
of traces is the required shape of the boundary between *he color sections on the wheel. The 4
boundary was then extended to the inner and outer edges of the filter band to d2flne the shape

and size of the color sectiona on the wheel. Figure 48 ehows the arrangement of coelor

sections on the wheel. The wheel was designed to be slightly over-size for ease of manu-
facture and to provide some margin around color sectfon.
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WHEEL DIAMETER =12 IN,

Figure 45 Arrangement of Color Sections on “heel
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-Early in the program it was concluded that the usugl abzorption filters would be unacceptable
because of their low peak transmission and shallow band edge slopes. Interference filters on
the other hand have exceptionally high-peak transmisgions and readily controllable band edge

- ‘Bloms‘ T T T T = Hit w7 :‘""""‘ e . - - Tt T ST Tt T oL T T = = I i - - -

It was, therefore, decided to use interferencs filters for the color wheel, Bausch and Lomb
wag selected as a vendor and an evaporation mask and substrates forwarded to them, The
substrate material was plate glass, one piece of which was to have the color sections de-
posited on it and then be laminated to the other plece of plate glass with the filters in between
the two. The otter surfaces were to have broad band anti-reflection coatings to minimize the
sca&efing ot lightrinrtﬁerconiuﬁrléted éyétérm. .

5.2.1 Design Implementation

The first attempts to deposit the fllter sections resulted in broken substrates. The vendor
concluded that thermal stresses were responsible and changed the substrate material from
plate glasa to pyrex. The pyrex was chosen with considerable care to obtain material with- )

out the gross optical defects common to pyrex, Examination under a polariscope showed no 1
visible defects in the area to be used for the filters. Two wheels were delivered, the first
wag rejected because of unsatisfactorily placed peak transmission in the red section and ’

excessive blue transmission in the red section. The exczasive blue wag a result of the peak
transmission in the red belng displaced to the longer wave lengths. The second wheel wos

found to be acceptable although its thickness 11 creased 0.005 inch across the diameter which
made balancing somewhat of a problem.

The wheel was supplied with a 1 1 4-inch center hole into which an aluminum hub was bonded
to mount the wheel to the drive shaft, The wedge required that the wheel be offset on the
hub to achieve balance, The amount of offset was experimentally determined and the wheel

was bonded to the hub, The lens designer conflrmed that the wedge would not degrade the f -
image quality of the system to any visible extent.

The wheel is driven through a set of crossed nylon helical gears by a servo controlled motor.
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5.2,2 Performance Evaluation

_ The wheel was tested for accuracy.of peak trapamisaiop placement and magnitude of peak - .
transmission by Bausch and Lomb,  Figure 49 shows the results of their tests, Comparison
of ﬂ:errsbéciréli transmission curves of Figure 49 with the spectral curves of the phosphors
{Figures 22, 23, 24) show the phosphors to be located well within the color band, with
the exception of the blue phosphor which {s exceptionally broad banded, The color bands
are much broader than the red or green phosphors. This is necessary since the transmis-
~ sion band of the filters moves toward the shorter wavelengths when used off-axis. The
i--.  _ light from-the phosphor is essentially lambertian and therefore passes through the fllters
over a very wide angle, The lens passes the light through the color wheel at angies up 10
25° off axis, The filter band must be broad enough so that even when the band has shifted
by the amount caused by the light being 25° off axis, the phosphor wavelength is still in the
filter pass band. The amount of shift toward the blue end of the spectrum is dependent on
the width of the band pass in a band pass filter and the sharpness of the cut off on cut off
filters, In the color wheel, the red and blue filters are cut off fllters and the green is a
| bandpass filter, Light at 25° off axis to the green filter causes a shift of about 16 nm to-

wards the blue. The shift in the blue is about 15 nm and the red {s about 18 nm. In all E

cases, the phosphor peak is stiil in the maximum transmission portien of the filter. Also,
the lower edge of the red filter does not pick up the green phosphor. Because of the broad
apectrum of the blue phosphor, the green filter does pick up some energ: ‘rom {t. This
pickup tends to reduce the purity somewhat, I[n summary, the color wheel has filter sections

designed to make use of all the available light from the phosphor decay period. The colors

have been chosen to obtain the highest purity possible with the phosphors being used and the
type of filter selected to maximize the transmission at the appropriate wavelengths,

A photograph of the color wheel, shown in Figure 4, does not present the colors of the
fllter sections accurately, pecause of the angle from which the photos were taken and the

inaccuracies in the printing process used to reproduce the photo.

In terms of the color wheel, there is little that can be done to improve the display image
cqualtty.
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5.3 Mechanical Packaging

i
i
Circuits., Most circuits are mounted on etched cards; the vary high frequency pattern gan-
*1' =~ ‘eration 6ards use an etched card or the mmmﬂng &F cotnponents and distribation of power
-~ while signal wiring is done with discrest point to point wiring, The high-power circults
such as the horizontal deflectHon circuits are mounted on heat ainks with the wiring done
i point-to-point,
i

Tl e e TR

The low power cards and the pattern generation cards are mounted in a card cage with wire
wrap interconnects. The video amplifier is mounted as close as possible to the CRT socket.

P ¢

CRT Mount. The mount used for the CRT is one developed to allow the tube to be used in
environments of extreme shock but still be available for ease of replacement. The mount
not only holds the CRT but also holds and maintains alignment of the focus coll and deflection

vokes. It precisely locates the face place of the CRT so0 that the interface with the projection
lens is accurately maintained,

Enclosure. The enclosure is designed so that the sides and back fold out flat to permit _
ready access to all electronic and mechanical parts while permitting fairly dense packing r
when in the normal cperating configuration.

Front Panel. The front panel (Figure 50) contains the viewlng screen and operating con-

trols. The front nanel area represents the minimum area for the display assembly.

Optical Subassembly. The optical components including the CRT have been brought to-

gether in a subassembly which locates all of the components {ndependently of anyv other

structures or components, The subassembly is designed to be rigid to maintain proper

{ The control panel has been carefully designed to permit and effective man machire interface.
! optical alignment.
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Recommended Packaging Method for Alrborne Application

|
I
|

The only area which would present any special problems for airborne use is the optical
-a8semblys - Mountng the soreen;folding mirrors, 1sns and CRT would he dons wWith & pigid
_ space frame to make g single module, L L

The coler wheel and its drive would have to be designed 80 that they could withstand the
forces exerted on them as a result of the high rotational intertia of the wheel and the move-
ment of the aircraft. This design would be straight-forward and {nvolve strengthening ot

the rotating components,

With the exception of the special precautions to be taken with regard to the high accelerat-
ing voltage on the CRT, the electronics would be packaged uaing existing airborne packaging

methods.

Weight Reduction

Tkere are two areas where significant welght reductions may be made,

1‘

[S]

Power Supplies: DBy changing the low voltage power supplies froin ground bazed
equipnient types to airbwrne tyvpes and 2liminating the power supply for the test
generator, 24 lbs ¢an be removed from the display.

Physical Structure: By designing the mechanical structure of the display to include
lightening holes and incorporating other welght reducing structural changes, ar-~
proximatelv 60 lbs out of 110 Ibe of structure can be eliminated. By fabricating
th: structure of magnesium rather than aluminum, the weight can be reduced 77
pounds. The change to magnesium would result in an approximate 1007 raw

material cost increase and a 157 abrication cost increase,

The total waighr reduction possible i3 then 101 1bs for a rotal display weight of 210 Ihs.

Volume Reduetion

If the displayv {s to be packaged in a rectangular enclosure with neo other syisterus or portions

thereof iveluded in the enclosurc then a reduction of 1 cubic foot could be readily achievea.
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X, bowever, the enclosurs need not be a rectangular solid, or if other systems may be

includad in the space cousumed by the displuy enclosure, then the volume actually consumed :
. by the display could by reduced by anotber 1.5 quble feet,. Itds, therefore, possible-ro - - - - -
: .paclmze ﬁ:e ditpl;ay fi,o asrtb ooﬁsume only about 10 cubic feet,
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SECTION 6
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VIDEO SYSTEM

The development of a video amplifier was outlined as one of the primary tasks of this display
development. The outstanding feature of this effort has been the successful development of
-~ a high-level, wideband video -amplifier capable of driving a projection CRT. -

6.1 DESIGN GOALS AND SPECIFICATIONS

In order to make the video system as versatile as possible, a variety of signal processing
functions is considered, For example the display is of the sequential color type, with
information presented in three different colors; the video information for the different colors
is time multiplexed. That 18, information is provided for a red field during a (5.5 msaec)
field ‘nterval. The red field is followed by a green field and then by a blue field, In order
10 gelect the desired color mixture, a circuit i8 required which will change the gain of the

video system for successive fields.

The drive required by the CRT is an important factor in defining gain and greatly influences

P

design of the output stage. The display timing and resolution requirements determine the
minimum bandwidth requirements of the video system. Input signals may be supplied from

various sources which may provide signals of different peak to peak levels. As a result,

e

a gain control circult {s required since the contrast of the displayed fmage depends on the
1 aignal level driving the CRT.

The design goals and specifications are derived {n three areas: Input characteristica, Qut-
put characteristics, Signal processing.

Reguirement Summary, The areas of consideration in designing a video asvatem are suin-

marized as follows:
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Input characteristics:

¢ Input signal
@ Input eharadtar{sties of video system I ’ =

- Giia ! ki

Lo

Signal processing and output considerations:

Bandwidth

Gain/gain control

DC restoration

Color balance ‘suppression
Shading correction

Digital blanking

Gamma correction

Load characteristics

Output characteristics of video system

6.1,1 Input Characteristics

[T

Sigmal:

The fnput characteristics are outside the design influence of the video amplifier. These
characteristica can be easily implemented in the interface circuits and would include the
following restrictions:

e During the horizontal retrace period the average signal level will agsume the

black reference level for the scan line which follows it.

e During the scan line, the maximum white signal level will at least be one volt
positive with respect to the black reference ievel.

. The maximum difference in average voltage in the video input during two consec-

utive (black references) horizontal retrace periods will be 20 m\’,
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¢ Maximum video signal plus common mode signal on input conductors will not ex-
. gBed 48 volts(with Despent.to video systemground); < - o= - w =owo T T o

e Signal is to be differential and operate {nto a 756 ohm resistive load.

oy g

In order to interface with high speed video sources, the input to the video system will be
terminated in 75 ochms (resistive), This is a convenlent value since it is common to many
video systems and coaxial cables of 75 ohm characteristic impedance are readily available.

To insure video signal transmission, the video system will have a differential input for the
rejection of common mode signals. Inputs to the system may range from +6 to -6 volts

At

{(common mode plus video signal),

6.1.2 QOutput Characteristics

The video system {s required to drive a cathode ray tube (CRT). The CRT characteriatics N
are thoge of 5M117PX7 ‘M from Thomas Electronics selected for this display. !

B
.

I
.
e

E

£

i

i

The resistive part of the impedance of this CRT load 18 on the order of the mmaximum beam
current divided into the cut-off voltage for grid-cathode drive. Thus,

9 5]

= 40k

L2-=r B ~o o

0 volts
Rl * T

The input capacitance of the cathode is not atated in the CRT specification, but measurement
shows {t to be on the order of 5 pf,

oy

CL x 3 pf

-~

An additional characteristic of the load must be considered. There are occasional high voltage
transients induced on the CRT electrodes by random arcing of the anode potential inside the
CRT. This arcing presents a hazard to any circuits attached to CRT electrodes, The beam
current, grid-cathode voltage characteriatics require a maxdmum of 30 volts modulation
applied to the grid-cathode eircuit to obtain the adequate light output for the display.
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‘From the above consideratione, the output of the video system must be capable of
ctrivmg the load described, i, e., 40 k& shunted by 8 pf. It must supply the load with 80

volts of m«dulation at the requlr&d bandwidth of 65 MHz ( (paragraph 6.1.3.1). The output of

“the ¥ideo aystem must also be protected against the 'u‘cing ‘hazard presented b:, the CRT.

6.1.3 Signal Processing

The third area of consideration involves signal processing. More specifically, bandwidth,
galn control, de restoration, .color balance, shading, blanking, and gamma correction are
congidered,

Bandwidth, The required bandwidth may be determined from the system timing aad resolu-
tion requirements, When operating at 180 fields see, the active portion of the horizontal
scan will last approximately 7.9 p#3ec, The resolution required is 1024 active picture ele-

ments (pixels) per horizontal line.

The highest frequency will occur for alternate pixels being on and off, For tiis video
sigrial, two pixels make one cycle, This gives a fundamental frequency fo of

_ 1024 pixel . 1 cyele | -
fy = T 9isec ¥ Fpreal © 0 MHZ

The design objective for the video system bandwidth was defined as the fundamental frequency,
fo' If operating at 150 fields 'sec, fo is about 55 MH:.

Gain Gair Control. The input sigral level 18 specified as one volt peak-to-peak minimum.

The CRT characteristics require the output drive w the CRT to be up to 20 volts peak-to=
peak of video modulation. The maxdmum gain required is therefore 50, However the gain
requirement may be less than 30. To adjuat diaplav contrast, a gain control mechanism is
required, Since the video avatem will operate over a verv wide bandwidth, the video ampli-
fier {3 packaged in close proxdmity to the CRT. The control panel may be phvsically remote
from the area of the CRT. The gain control should therefore provide operation requiring
only electrical connection and not rely on a mechanically coupled adjustment mechanism.
Gain control range should be as large as possible to provide a satisfactory display under

various conditions of ambient {llumination,

-—————
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DC Restoration. In order to accommodate video signals from AC coupled sources, the
video system will provide a DC restoration circuit. The circuit will provide gctively

clamped Testoration atthe hioriromntal 1turmtr*‘1‘4:aﬁsr*dm‘in:mhhﬂzmﬁiﬂmw = -
. period, the biss conditions of the video system will be readjusted so that the voltageap- . . __ .

pearing at the input will produce an output voltage corresponding to the black (lowest light)
level on the display. The circult will compensate for shifts of up to 20 mV in input signal
for consecutive horizontal retrace periods.

Color Balance/Suppression. Since the display is of the sequential color type, with video

information presented in three different colers, the video information for the different colors
is time multiplexed, That is, information is provided for a red field during a (5. 5usec)
field interval. The red field is followed by a green field and then by a blue field, then by the
next red fleld, and so on. In order to select the desired color mixture, a circuit is required
which will change the gain of the video system for successive fields., This circuit can also
be used to suppress all information presented in a particular color by setting the gain of that
field to zero. The gain control which this circuit exercigea on any particular color should
be independert of control of the other fields.

Shading Correction. One of the topics for consideration in the design of the video system is
analog gain control., An input node could be provided at which signals may be mixed to mod-
ulate the gain at low frequency (i.e., up to 100 kHz) rateg, This is done so that the gain of
the video amp!ifier may be varied as a function of raster position in order to compensate for
non-uniformity of {llumination in the optics,

Digital Blanking. Another possible feature for the video system is digital blanking. By
applying a digital signal, selected portions of the display raster could be blanked,

Gamma Correction, Measurements to determine the gamma (linearity of light output vs

input excitation) for the CRT showed the following.
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The transfer characteristic of the CRT for the green primary is plotted in Figurz 31, The

paints were plotted assuming a -95 volt grid-to-cathode cutoff voltage. For this assumed

cutoff, thc points hest ﬂtted a straight line on a log-log plot Th,eﬁ?lfjp‘? of this curve is
o aesig'nated as the g gamma “of the CRT. Thatis I - —

5

4_“ - ﬁ‘,

where V' is the grid cathode cutoff voltage, V gk is the grid cathode voltage, V {8 a constant

with dirnension of volts, B is the measured brightness on the display screen, and B, isa

-constant with dimension of fL., - Rewriting this equation gives ' o
YIn(V)=1nB B

or BBBO\'

where V is a dirnensionless quantity proportional to the voltage above cutoff, For the CRT
in this display, the value of gamma (7¥) i8 found to be two from the plot, As shown in
Figure 6-2 the transfer characteristic for the other primaries (red, blue) has the same
general shape. This plot i8 of normalized values, That is, the points are In (B "B )
versus the grid-cathode voltage which produces Bn‘ where B ig the brightness of the pri-
mary at a grid-cathode voltage of -72 volts,

e
Q

The purpose of gamma correction is to cause equal steps of {nput voltage to cause cqual
changes in the perceived brightness over the range of brightness values produced on the
displav., Fechper's Law is an empirically derived formula which states that over a wide

range of values of brightness (B), {f the relationship {
3B _
T Constant |

[

1s satisfied, then the same sensation of increase in brightness is obtained. If a constant

[SPU

{ncrease in perceived brightness is desired for a constant jncrement of input voltage then
4B _ iy in ]
B v
1
A\'m ig divided by an arbitrary constant { 1 (volts) to make it dimensionless, ]
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Extending to differentials and integrating ylelds

\Y V1=].DB-]J1C

m/

The correction applied to V‘ln must be to make

ceVinVy) = BOV‘V

Since the value of V n has not been limited, we can assume V., = 1 volt and since V is

i 1
proportional to the grid drive above cutoff with some unspecified constant the constants C

and B can be absorbed into V to give the simpler equation

v
N
e N

v, )
Vv=e in

The output voltage of the video amplifier, Vou , must then be related to the input voltage Vin

byv

t

N A 2
Xout L\1e In

{f a specified increment of input voltage is to cause the same sensation of change in bright-
ness independent of the {nitial brightness,

Since the scale of Vin is arbitrary, the value of 4 can be absorbed into Vin and the desired

relationship between Vout and Vin can be expressed as

\in

The same relationship may be deduced from an examination of Figure 51. In order to
induce a fixed percentage change in the brightness, the logarithm of the brightness .5
changed by a fixed increment which corresponds to a fixed increment change in the logarithm

of the output voltage, Vour? of the video amplifier (grid-cathode drive). 8ince Vo 8
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v - o= 7
or In out In }‘2 v

+

derived from Vm, fixed inorement changes in Vin should induce fixed incrernent changes

in the logarithm of vou AN

t

Aln (V0= AV,

i’ k2 = ponstant and \'0

ut - }\Ze in

The required correcton is then independent of the CRT gamma (as long as gammas is con-
stant). The correction should consist of forming an exponential function of the input voltage.
_ An important point to note 18 that the background brightness level should be established by

P

adding a constant to the input voltage before making the correction, This is because in the

expression derived for Vout' it is implieit that \'O refers to volts about cutoff, so that

ut
merely offsetting the grid bias is not the correct method of brightness correction.

6.2 VIDFEO PREAMPLIFIER DESIGN

\
e M e b M el Lae Ga el

A block diagram of the video preamplifier system is shown in Figure 53.

The video preamplifier provides the interface to external signa’ sources and pertorms the
signal processing functions of common mode rejection, gain control, d¢ restoration, and

color balance suppression,

e e
A-ﬂ_ —

Signal processing features addressed but not included in the design are shading correction,
digital blanking, and gamma correction, A peripheral circuit was designed to supply inputs 4

to the gain control and color balance "supression circuits,

The required inputs to the video system include video signal, horizontul line synchronization
pulses, vertical field synchronization pulses, and red field synchronization pulses,
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Figure 53 Video Preamplifier System Block Diagram

The overall circuit cperation can be described as follows: the input signal is applied to the
gain control circuit. This electronic attenuater is controlled by a variable current source
which {5 manually programmable at the front panel of the dizplay.

The gain control circuit provides the same attenuation to the video signal all the time; that
is, itg action s the same whether the video information appears in a red, green, or blue
field. The video return is also carried through the gain control, being acted on with the
same gain control function, This {8 done to maintain the same common mode signal on both
inputs to the difterential circuit. The differential circuit rejects common mode signals
present on the input line and its return, The output of this circuit is a single ended aignal
which is buffered by an emitter follower and applied to a dual purpose circuit. This dual
purpose circult provides DC restoration and accepts inputs from the field gain switching
matrix to produce color balance, Color balance is programmed at the front panel by setting

-
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three variable current gources. The lovel of current from each source determines the
relative amplification of the video signal during the fields of one cclor. By applylng the
vertical syne and the red field sync to the field gain switching matrix, the signal correspond-
ing to'a pAPH GUIAT obl6F {s applied during the éérréct fields, o

The combination restoration/balance circuit was designed go that the DC restoration condi-
tion is not upset by varying the gain of the block, This was done so that shading correction
(or some other analog modulation of gain) could be accomplished - even during the active

scan - without disturbing the blas condition established by the restoration circuit., Although
an analog gain modulation function is not built inte the video system, the groundwork for its

» |Iﬂi I

7impiementation exists, The horizontal synchronizing pulses applied to the circuit activate

)
Akl

a restoration switch during each horizontal retrace period which resets the bias conditions

of the preamplifier system to provide the black reference voltage at the output. Video signals

recelved during the following active scan peried are presented at the output as variations
y from this black reference voltage. The DC restoration function is designed so that loss of

horizontal syne will cause the output of the preamplifier to assume a level which blanks the

display.

Another function, that of digital blankir- which is really the extreme case of analog gain
control, could also be added at this point by switching the output of the gain switching matrix
to a level corresponding to zero gain in the balance circuit at the desired times. The output
of the restoration balance circuit is buffered by an emitter follower for application to the

output stage,

[R— i (W]

G.2.1 Detailed Preamplifier Circuit Description i

A schematic drawling of the preamplifier is included in the video system schematic of Figure
534. The input to the video syvstem {s terminated in 753 ohms, shunted by the input impedance
to the first stage of the amplifier., The input impedance to the first stage is maintained at a

oy h
woiiale

high level by using emitter follower impedance buffers Q1 and Q2. ’
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123,124

R ST S S




= S o o e ar e mesa  o - -

Thaese emitter followers transmit the input video signal and common mode sig-n.al to the ga.m

T oontrol elreudt. “The csoﬂector currenfi of Q5 and Q8 canbe denoteal “and I ‘Now

1
1
[
|
L
1
I
|
f
|

wyhgrﬁe”i is the component of I caused by the input signal, irsf the component of ,15,9:1,151 I

fihuafiint s

caused by the common mode (including bias) voltages.

Consider now the differential pair @3, Q4. To a very good approximation (see Appendix I) -
the collector current of @5 wili divide between the emitters of Q3 and Q4 in a ratio which ’r
depends only on the difference in base voltages of Q3 and Q4. That is, if the emitter current |

of Q4 is I~1 then j

I, = YI. and Ia=(l-7)15 f

4 5
where ¥ is a function only of the differential base voltage (0 < ¥ < 1), The collector currents
of @3 and Q4 are proportional (¢) to and (a = 1) nearly equal to the emitier currents, The
voltage at the collector ot Q4 is \'4
\4 = -Rla Yl
1 Similarly, the voltage at the collector of Q7 18 V.,
{
’ - . 1yt
[ v - R2 o 18
i Where the primes on ' and ' denote possible differences between the two circuits, However,
transistors Q3 through @3 are a monolithic integrated transistor array (CA3028) s8¢ that
’ matching and temperature tracking characteristics are nearly perfect., Also, the diviaion
ratios * and 7' are determined by the same differential baase voltage.
| ‘I



Therefore a' = cand v' =~ 7, R1 and R2 are selected as equal, The differential output from

,,Tthejgain_control.cirmut,,V,?,,,-, V4 is then givenby . o .o L

(\"7 - \’4) = Rlcr ¥ 15 - Rla ¥ IS = W'(aRlis)
This voltage 18 proportional to is which 1s proportional to the input signal voltage. Its

amplitude is varied by changing 5. This is affected by changing the differential base voltage
by varying the currents IEl and I‘b To establish constant bias voltage at the junction of R3,

NR_I, and ﬁs, the sum ofrla and Lb is made constant and (négleéiihg base currents) that volt-
age is —(Ia + Lb) RS'

By setting R3 = R,, the differential bage voltage V' is

47

VA = R3 (la - [b)

The formation of Ia and Lb ig done with 23 and surrounding elements, A schematic of this

detail is shown in Figure 55. Ignoring base currents, the collector currvents of Q7 and @3
are set by RO at a value IO. Agsuming Q5 and @5 are both on, the current through Re will
be Ie given by %

-
o
]
-
o
T
- [SURSE
B n o

The voltage \'b Vbﬁ {s set usiug the potentiometer, The collector current of Q5 will then

5 - ]

be :
I =1 +1 i :

a o € {
.

and the collector current of Q6 i
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Figure 56 Gain Control Current Geperator

127




Pin 8 of the uA796 {a left open while pin 7 is provided with a path for bias current. This
r_tul'ns on Q1 which carries I in its collector (pin 6) and Q3 which carries L in its collector
(pin 9) wh.lle turning off Q2 and Q4

The currents supplied to the gain control circuit are Ia and I.b Note that as mentioned:
above, the sum of 113 and ‘T‘b 1#8 constant,

= + - = QI
Ia +Lb (-IO Ie) * (IO Ie)

The differential stage follows the gain control circuit. CRI1 is a constant current diode
(Motorola IN5318) which provides bias current to the differential pair Q9 and Q10. Resist-

ors R0 and R7 are specified as equal and together with RS set the signal gain of the stage as

The emitter follower, Ql1, provides a low Impedance drive to the combination DC

restoration color balance circult, the operation of which is des2ribed below.

The differential voltage, Vd' is proportional to the difference in collector currents of Q16
and Q19 {n the same wav as the output differential voltage of the gain control circuit i pro-

portional to the collector currents of @5 and Q8. Thus if the current flowing in the collector

of Q18, 116' {s the same as the current which flows in the collector of Q19, 119, when the
Input voltage {s at its black reference level, Vd will depend only on the difference hetween
the voltage appearing on the emitter of Q11 and the voltage which appeared there during the
previous horizontal retrace (black reference) period. The current Ilt‘» is set to the proper
level by closing the electronic switeh, Q12 and @13, with the horizontal svnc pulseg, This
seta the base of Q16 at the voltage level which appears on the emitter of Q11 during hor{zon-

tal retrace (the black reference voltage). Thus,

The resistors R% and R9 are set equal,

—
o
p—

<.
iy

Where IG is the portion of 119 caused by the deviation of the emitter voltage of Q11 from the

hlack reference level,
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In the same way as the output of the gain control circuit was previously described, the
voltage Vd is given by (assuming R10 = R11)

Vg = Ripa7 -l

The value of %, {0 s ¥ = 1), is set by the voltage at the bases of @14 and Q17., How this
voltage is set will be discussed latter. The differential voltage Vd is amplified and brought
out single-ended by differential amplifier Q20, Q21, Q22. The collector current of Q20 is
constant and, except for the base currents of Q21 and Q22, is passed through the DC bias

- potentiometer to determine the DC bias level of the pre-amplifier output.

The output of the circuit {8 taken from the collector of Q22 and is buffered by eniitter fol-
lower Q23 for application to the output stage.

If the horizontal syne 18 interrupted the restoration switch (@12, Q13) remains open and volt-
age at the base of Q16 will drop towards the negative supply, this reduces the current 116
below the black reference level in 119, This action causes the output of the preamplifier to

drop below the black reference level (white 18 positive going at the output of the preamplifier).

The gain control voltage applied to the bases of Q14 and Q17 will be discussed below. By
switching fhe voltage at that point at the field rate, theY of the circuit can be set to a differ-
ent value for information appearing in different color flelds. The contreolling voltage appears
at the emitter of Q31.This voltage depends on the current through R12, The current through
R12 is selected from the three currents set by the front panel color balance suppression con-
trols, Closing a suppression switch sets a current level which causes the ¥ factor of the
color balance suppression circuit to be zero. The selection is performed by the field gain
awitching matrix. The switching matrix i8 composed of current switches (@24, 25) @Q24,

27y and (@28, 29)., The matrix 18 driven by gates Z2A, Z2B, and Z2C which decode the
outputs of a flip-flop counter Z1A and Z1B which counts vertical sync pulses. The red fleld
syne pulses reset the counter prior to each red field so that the gain aelection is synchro-

nized with the video signal.




6,3 VIDEG OUTPUT STAGE DESIGN

T 7 The preamplifier {s followed by a voltage amplifier to provide the 80-volt peak-to-peak

~ modulation required to drive the CRT. The following approaches to the output stage were =~ =
considered,

o Distributed amplifier
¢ Cascode hyvbrid amplifier
o Amplifier with EBS device

6.3.1 Distributed Amplifier,

A distributed amplifier is depicted in general form as shown in Figure 36,

OV WU PPUCTI " B VR TV R )

pdl

L 1
;
7 1
oOuT ouUT ouT VOLTAGE .
QUTPUT 1
ACTIVE ACTIVE ACTIVE
DEVICE DEVICE DEVICE
IN IN N ;

Figure 5¢ Distributed Amplifier
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_ value of,RL is chosen to be the characteristic impedance of the output_line. The output line.

The value of capacitors C1 is the input capacitance of the active devices used in the ampli-

ﬁer. The value of capacitoraic is the output oapaclta.nce of the active dexioes. 7 The {nput

nignal travels down the artifictal transmission line of the L s and Cl,s at a k:nown veloc!tv

exciting each active element in {te turn. The group }.*elocity in the output transmission line

is selected to have the same value 80 that the signal produced at the output element of each
stage will arrive in phase with the output at reaoh gucceeding stage. These outputs will then
add directly, The value of the characieristic impedance of the input line is chosen to be RS,
the source impedance from the solid state stage. This will also be the value of Ro' The

is terminated at both ends to prevent undesirable reflections.

There is a two-fold reason for selecting vacuum tubes as the active devices in the
distributed amplifier involving inadequacies of available solid state devices. At the

high bandwiith required, it is almost impossible to provide sufficient protection for transis-
tors capable of digsipating the power required to generate the high level, wide bandwidth
signala required,

A review of the literature* and preliminary calculations showed that for a distributed amp-
lifier to accomplish the required gain would involve up to 12 active devices; probably power

tetrodes. Such a design would be very complex and the chance of Buccess limited.

6.3.2 Cascode Hybrid Amplifier

The cagcode hybrid amplifier emploving a tetrode output 18 depicted in the block diagram
(Figure 57, The high level current I1 which iz formed in the transconductance block is
linearly related to the input voltage and is passed through the cathode of the tetrode, which

is operating in the grounded grid configurazion, This curren* then passes to the peaked load
which has both series and shunt compensation,

The peaked load {8 optimized to match the input capacitance of the CRT, A vacuum tube

device was selected for the output in this stage for substantially the same reasons as in
distributed amplifier.

=

=M. S, Ghausi, Principles and Design of Linear Active Circuits, Chapter 13, McGraw-Hill,

1955
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Amplifier with EBS Devices. A most promising output circuit for high level, extremely fast

video amplification emplove an electron beam semiconductor (EBS) device (See Figure 53),

In such a device, a reverse blased diode is bombarded with a low-current high-energy elec-

&._.LM

tron (10 Kev) beam., As each high-energy electron surrenders its energy in the diode, it
creates multiple pairs of carriers. These current pairs are rapidly swept out of the deple- 1
tion region of the diode by the field set up by its reverse bias voltage. This current iz passed

through a load resistor to create the voltage output. Linear amplification at extremely high

speeds is accomplished by deflecting a rectangular electron beam partially onto the diode, i

The portion of the beam which illuminates the diode {8 proportional to the voltage applied to

deflection plates placed between an electron gun and the diode, EBS Videc amplifiers with

output modulation in excess of 100 volts and rise times of less than I nsec have been built at

the laboratories of Watkins-Johnson where EBS devices are currently under development, l
At the present time, the cost of a single EBS device {s prohibitive (35K) because of their ‘ i
developmental status. However, inese devices should ge into regular production in the next {

2 to 4 years at which time the price should drop below 3500 per device,

The required drive for the 50 ohm deflection system is on the order of 5 volts to produce 20 l

volts of modulation with a 50 ohm load resistor. See Figure 39),
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This drive could be readily provided with solid state circuitry. An additional power supply
(10kV) would have to be added to the display system to accommodate the EBS amplifier.

Even though the EBS device has a soli! state output, it can dissipate high levels of power.

It can also carry large amounts of current and it 18 thought that it can be protected from the

Figure 59 Comparison of Input and Output Pulses of WJ-3650 ]
EBS Amplifier with 50 Ohm Load Resistance ' l .

arcing hazard of the CRT.

Choire of Qutput Stage for Implementation., The type of output stage selected is the hybrid

cascode amplifier,

Horizontal Sensitivity: 4 ns, div.
Vertical Sensitivity:

Top Trace - 10V/div.
Bottom Trace - 30V /div.

- .

This selection was based on the cascode amplifier's simplicity compared

to the distributed amplifier and the fact that it uses active devices which are readily available.

The EBS amplifier looks very promising but the active device 1s still in its development A

atage.

6,53, 3 Description of Cascode Output Circult

The cascode output circult {& deplcted in Figure &0,
the differential pair Q1, Q2.

small,

Anincrease in the video input voltage causes an increase in the collector current

134

The resistora in the emitter circuits of Q1, Q2, are very |

Transiator @3 i3 a current 3ource for




Video In
o

Figure 60 Cascode Output Amplifier
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. — 9f Q1 which increases base drive in Q5. - This causes.collector current of-Q5 toincrease.
‘Enough gain is provided that very large currents can develop in the collector of Q5, A feed-
back connection 1s made to the base of'QZ with voltage developed across Ry This feedback
causes the base voltage of Q2 to track the video i1 jut voltage, As a consequence, the collector
current of Q5, I is glven approximately by

05’

BRI rILLT I SRR

I..=V

05 R

in f )

And except for hase currents

-~

Tog ®Tps = Vi

04 Rf

The tetrode is operated in cascode - that is, it passes the current 104 to the load while isolat-

ing Q4 from the lcad. This isolation accomplishes two necessary results: 1)1t permits the
load current to be developed at low power in the solid state transconductance amplifier und

21 it protects the solid state circuitry from the arcing hazard of the CRT.
The voltage gain of the output stage is roughly

A

\'::RL Rf

Actually, the gain {s somewhat less than this becauvse the guain of the transconductance ampli-
R., R L L.,

L' L1 LY 2,
CL are determined by bandwidth requirements and the capacitances which appear at the plate

fler is lowered by base current losses. The output Joad element values,

of the tetrode and in the load (stravs = CRT cathode capacitance). For discussion purposes,

it is simpler to use rigetimea than bandwidthe, The relationship berween 8d4B video bandwidth

B and 10=907": rizsetime, tr. in 2 circuit such as Figure 21 is given by

L0 k0,45
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Where k depends on the particulars of the peaking. In a system with no peaking k ~0.33
while in a aystem with a lot of peaking k = 0.45 (Bee Figure 59),

SERIES
PEAKING
{} T Vour
LOAD LOAD
RESISTOR CAPACITANCE
‘04 ¢

2

SHUNT o
COMPENSATION

Figure 6~11 Peaked Circuit

That k = 0, 35 for the non-peaked circuit is easily demonstrated. With the compensation
elements shorted, the current source drives a load of (C1 +C,_) in parailel with RL‘ The
10-90% rieetitme of the voltage output for a step in 104 is

tr = 2,2 RL‘Cl + C2)
while the 3dPF bandwidth is
1
B =
27 RL (Cl + CQ)

The product is
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One of the factors coneidered in designing the output stage was minimieing power consumption, ‘
For this reason it is desirable to make RL as large as possible. At the required bandwidth }}
- = =T =T Tt — At e —:‘—*_—'“'.v.’. T T T - i - T o T T ﬁ'! ""
F ~of 85 MAz & risetime of ' S S o . 1
! _ . o : : ) . | k
; _ _D.45 450 =
: 't T 85 x 106 56C T Tgs U5CC
1L
E ¥ 7 nanoseconds. ' :
E i
= - is required; T ’ o o ’ o ) T ’ T Tt T ) '
; The load capacitance is about 10pF (3pF for the CRT and 2pF stravs). A tetrode with output
. capacitance no greater than 9pF is realistic,

The uncompersated rigetime would he

For moderate peaking, the risctime can be improved by a factor of 1.8, The uncompensated

rigetime can therefore be 1.8 times as large as the required riseume, '
it v = 1.5 (7T nanosecondsy = 2.2 R. (19 _»

12.6

Ry = 1T

K £=3000

The notion of peaking video amplifiers has been investigated extensively. A good review of
the subject is found in Electronic Amplifier Clircuits bty Pettit and McWhorter (MeGraw-~Hill, !

1961, The following network was taken from that book and used for preliminary zpecification

of the peaking network. (See Figure §2), |

The values selected were refer to amplifier achemartie, Tigure oM

RL = 300 LL‘Z = lulf

_ . |
CL = ipF Rll = 1,1K :
L = ,2uH

I: j

13%
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Figure 62 Four-terminal Network Designed for C1 =C,. (a) Circulit.
(b) Step Response for (1) C, = Cl’ 2)C, = C1 2, 3 C, = '?.Cl.

~

b.4 HARDWARE RESULTS

Several photograph are included in this section to illustrate cperation of the video system.

Agpects to be {llustrated include gain control, common mode rejection, dc restoration,

)l

color balance control, system puise response, aystem bandwidth,

Diagrams of test setups are provided when necessary to show the conditions which cause the

wuveforms in the photographs.

All tests are conducted in the displsy using the synchronizing pulses from the Internal pattern

zenerator, The pre-amnlifier {s configured aa shown in the Llock diagram of Figure 53,
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Gatn Control - The video irput {8 the vertical bar pattern from the pattern generator. The
input ie shown in the upper trace of Figure 63. The lower trace {8 the waveform at the
output of the emitter follower between the differantial circuit and the DC restoration/color
. .. _balance cireuit, - This lower frace is a mulfiple’ expssure with th& front panel gain tontrol

~set to four different positions. . ... . . . S =

Common Mode Rejection. - To test the common mode rejection characteristics of the system,

the output of & test oscillator is applied to both the input and return for the input of the sys-

tem,

For this test, the gain control ig set to maximum, The input for a typical case is

shown in the upper trace of Figure 64. The lower trace is the output of the emffter fol-
“lower between the differential stage and the DC restoration color balance circuit,

The common mede refection {5 defined in dB by the equation

o CM input signal level x gain to point of measurement
CMR = 20 log X R
10 CMl signal level at point of measurement

Horizontal: 5 usec div,

—~Input

Upper: ZV div, 2
DC Coupled

Vertical:

.-'-m_mﬂ Lo AR R R

Lower: 1V div, \\Uutput

Figure 13 Gain Control
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Vertioal: Upper: 1V/div. - o AL;

~ Lower: 50 mV/div.

Horizontal: 0,5 msec/div,

o

-

Figure 64 Common Mode Rejection

T 1""‘

For the case shown the {nput common mode freq.ency is 400 Hz, that of the input power.

2 Ve % 1,25
.)')
: CMR 20 log10 —EP—--——5 g
PP

54 dB

DC Reatoration, DC restoration s demonstrated by selecting the test pattern of Figure g5,

T
1l

with the pattern generator.

/—BACKGHOUNO
4 MAX-GREEN
t f NO RED
! NC BLIIE
|
3

\\— oo

1 MAX-GREEN
MAX-RED
NO BLUE

Li{i Figure 65 Test Pattern
i] ’ 141




During the green field, the input video looks like Figure 66.

During vertical retrace and the blue field, the video signal goes to zero,
during these times i the black level, '

Its average value

1 % HQRIZONTAL LINE PERIQD El
MAX.LIGHT \{’—
AVERAGE VALUE ]
4
 BLACK LEVEL —JL B .
— let—— RETRACE
INTERVAL
[T

Figure 66 Input Video During the Green Field

During most of the red field, the video signal also goes to the black level.

lines which contain the window wi{l] look like Figure o7,

Man SRT

A ERACE v ALLUE
—

E_ACL —_— N

However, the few

+

EvEL

o

- .
1
‘ .
ACTVESCAN | RETRAZE '

|
— = TiME

|
I

Figure 67 Video Signal Daring Most of the Red Fleld

The signal 18 ac coupled at the input, S0 at the output of the differential circuit the average

value of the video aignal will tend toward a value set by the bias networds.

value at the input during each color field {g shown in Figure ¢85,

The average

After ac coupling, the average value of the video signal will be eatablished and the average
value during ind.vidual fields will tend toward this value with time constants determined by

coupling networks, This {g {llustrated in Figure 89,
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Figure 65 Average Value at the Input During Each Color Field

FETRACE VERT:
~ T ‘*
AVERAGE ' '\
OVERCOLOR s M . . ; |
j "1
l—-——-aeomsw—-—ﬁ r-—snee»meu:—a—————j r-—awsmem—n-*

Figure 69 Average Value of Video Signal

Prior to DC restoration the black level i8 referenced to the average value by the voltage of
the black level with respect to the average value. Thus, the black level before DC restora-

tion has a waveform like that {n Fisure 70,

RETAACE VERT)

T + K

Il T
e
OvEF COL2R : ‘ [ it
— T ‘.}\ .fl M L

BLaCx REFERENCE

Figure 70 Waveform of Black Level Before DC Reatoration -
AC Coupled Video Signal
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Thiy signal appears inverted at the emitter of Q11, and is shown in the photograph, Figure
71.

Nate that the time constants are actually much longer than those shown in Figure 70, which

- makes the rate of change of unrestored black level appear to vary almost linearly with time

when there i{s a transient change in the average value.

The purpose of the dc restoration {8 to remove the variations in the black reference and

establish a constant DC level for the black reference. The effectiveness of the circuit is
illustrated by the photograph (Figure 72), which shows the output of the pre-amplifier at

the emitter of Q23.

Color Balance, Photographs are included to show the action of the color balance circuit.
The input signal is shown in the lower trace of Figure 73, This is the signal which ap-
pears during each active horizontal line regardless of the color field in which it occurs,
The upper trace is the output of the video system with the color balance controls set to give
different gain in fields of different colors.

Svatem Pulse Reaponge. The pulse response was tested using the vertical bar pattern of the

pattern generator. The lower trace of the plintograph of Figure 74 15 the {nput puise and
the upper trace is the output of the video system. Tor this test, the CRT is disconnected
and the system {s loaded with the oscilloscope probe (Tektronix PG047) which has a capac-

itance of 10 pF and is therefore approxdmately the same load as the CRT.

Measured riaetimes for the video svatem are on the order of 3 usc .. Tor the approximation

ol risetime bandwidth product in a peaked circuit,

The bandwidth is

B = 56 MH:

As shown in Section 6, 1.3, this is sufficient bandwidth for the 150 field sec mode of oper-

ation.
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Horizontal: 2 msec/div.

Red Field
Svnc Pulses

Upper: 5V/div. }

Vertical:

Lower: 5V/div. } Unrestored

Video

n—-—r—-—

Figure Y1 Unrestored Video

o

Horizontal: 2 mesec. div.

4 Field
Upper: 5V div, oo BiEle
Verti : )
ertical | Restored

Lower: 1V div, { Video

Figure 72 Restored Video T
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Horizontal: 200 nsec/div.

Vertical: Upper: 50V, div.
Lower: 1v/div.

Figure 73 Color Balance Control

Upper: 50V div. - Qutput
Horizontal:
Lower: 1V div. - Input

Vertical: 50 nsec div.

Figure 74 Svstem Pulse Response
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risetime measurements.

TELONIC 2003

System Bandwidth. Tbe system Bandwidth is tested using the setup shown in Figure 75.
The Photographs show the input, Figure 76, and-the output, Figure 77.

.;\s seen from the photograph of the input voltage trace the input signal starts rolling off at

around 50 MHz. This is due to the characteristics of the Ball Brothers Mark 81 video mixer.

This equipment was required to insert blanking during horizontal retracae.

put roll off, the photographs can be used to approximate the -3 dB bandwidth of the video sys-

tem by taking into account the roll off of the input when examining the output., The bandwidth
" 1s estimated from the photographs to be approximately 55 MHz, which agrees well with the

Even with the in-

TEXTRONIX 454
OSCILLOSCOPE
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Figure 75 Test Setup for Systein Bandwidth




Ficure 76 Bandwidth Response:

Vertical; 0.5V/div,
Horizonatal: 0=70 MHz

Input

Vertical: 20V div,

Horizcnatal: 0-70 MH:z

Bandwidth Response: Output
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SECTION 7

DEFLECTION SYSTEM

- The deflection circuit design-was one of the major tasks to be developed under this atudy,
The original bloek diagram propoaed is shown in Figure 78,

! 7.1 DEFLECTION CIRCUITS
The vertical deflection technique proposed was straight forward, It consisted of a standard 1
[ ramp generator driving a linear amplifier, This amplifier design had been successfully
proven in existing Philco-Ford tactical display equipment, i

A difficult design problem existed for the horizontal deflection system, Because the system

" is seauentlal color, the scan speed must be approximately three times as fast as a couven-

I tional single color CRT diaplay of the same resolution, The result is a horizontal line
period of about 10 microsecond, with 3 microseconds for the scan and 2 microseconds for
the retrace, Since a reéonant technique Qés selected, the difficulty existed because of the

large energy transfer required to reset the coil in the short retrace perfod,

To understand the development of the design, the following specifications and design goals
should be reviewed, ‘

The specifications for deflection must be consistent with the basic design goal of achieving
a three color, seguential field, high-resolution (1000 x 1000 element), CRT raster scan
digplay, Utilizing thirty complete frames per second, three color frames per complete
frame and two fielda per color frame, the following timing requirementa result:

Three color frames in 1 30 sec

Time color frame = 1 90 sec = 11,1 milliseconds

i
-
3
! 7.2 DESIGN GOALS AND SPECIFICATIONS
i
k
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DEFLECTION
COlk

| CRYT

RESONANT
FLYBACK
SWEEP GEN

HORI ZONTAL SYMNC

< INEARITY
CORRECTION

. |

VERTICAL SYNC RAMP
T  GENERATOR

VERTICAL _J
DEFLECTION

AMPLIFIER

LENS

COLOR
WHEZL

Figure 78 Deflection Circuit Design Block Diagram
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- With these iming requirements the next specification which defines the usefulnegs and

Time per color field = 5, 55 milliseconds
1000 to 1024 aclive scan lines/color frame

1125 total horizontal acan lines/color frame ) - o
“WVertical retrace =300 ¥ 0,09 = 94 = (0,09) (5,55 ¥ 0.5 milliseconds
Vertical scan time = 5, 55-0.5 = 5. 05 msec 7 o
Horizontal period = 11,1 InilllQigeoonds = 9,87 msec
Horizontal retrace = 20% of horizontal period = (0.2) (8.87) = 1,97 msec

Horizontal scan time = 9,87 - 1,97 = 7.9 msec

aesthetic quality of the display image relates to linearity. In general terms, the linearity
defines the limit of error that can be tolerated in the placement of a spot wr element: on

o

the CRT from the ideal true position, The linearity requirement for this display was set at r
27, This value was determined to be an optirnum compromise between the usefulness to )

the viewer and the relative difficulty in achleving higher linearity, The amount of linearity
correction required for a particular application is mainly a function of the following .
physical variables: the winding configuration and material of the deflection voke, the angle '
of deflection required for proper size of the display, and the faceplate curvature of the CRT.

7.3 CIRCUIT DEVELOFMENT r :

7.3.1 Vertical Deflection

The vertical sweep svstem consists of three main active-cireuit networks and the vertical

deflecrion windings of the voke, as shown in the biock diagram of Figure 79,

DEFLELTION
YOKE

RAMP LINEARITY LINEAR
SYNC ~——doy . L
GENERATOR CORRECTOR AMPLIFIER

Figure 79 Vertical Sweep Svstem
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The rainp generator and lnearity corrector are contained on the same printed cireuit

board (joint ~chematics are shown in Figure 80; the schematic for the linear amplifier

is shown in Figare 31).

The ramp generator of nsists of Q1, Q2, Q3 and Z1 and operates by charging capacitor (C3)

with a constant cuvrent source (R4, B7) to obtain a linear ramp and discharging the capa-
citor with a semi-conductor switch ((3) to reset the voltage to its initial gondition, Q1 &ad
Q2 provide a de level shift and amplification of the svyne pulse which turns Q3 OFF for the

e

: linear ramp and ON for reser, Z1 is a hich-gain cperational amplifier which operates as an

integrator and Jdevelops the linear temp on 1C5 and provides a low-impedance drive-for the

linearity corrector.

The linearinv corrector consists of 3, Q5, Q6, Q7, Q3, and Z2, Z:2 is a high-gain opera-

tional amptifier that is connected toinvert and amplify its input by a factor of 100, The input

> 21 i3 developed across Q= and R24. With @< temmed off the series combination of R14 and

20249
With Q% turned partially on this ratic hecomes proportionately smaller. Thus Q5 operates

R24 provide a voltage divider with the ratic = 0,012 for the signal on the output of Z1.

- -

s i S Bl

on the signal input to Z2 and forms a modified ramp with ""3" curve correction. Q4, W3, QE, (

and Q7 develop the input signal to Q3 which i3 shown in Figure 82,

} The amplitude Ay of this wave form i=s controlled by R21 which in turn determines the

degree of curvature of the S curve, The de offset By iz contralled by R23 which in turn

[

determines the points of inflection of the ""3" curve,

The linearitr correction produced by this method 12 known as "'on axi3’ lineariny correotion
hecdausze the correction wavetorm is only a function of the one axis of deflection and does not
account for the position of the apot in the orthagonal axis, Thus, without further correction ;_

the raster would extend itz corners and would have the appearance of a pincushion, For this

reason, a secondarv magnetic field i= produced by a pincushion corrector., This coil 18 ?
mounted to the deflection voke at the CRT faceplate end and producesz a static magnetic field
that appozes the deflection voke field in the corners and aida the on-axis defl=ction voxe (

field, Thiz provides the desired off -axis correction and the ability t obtain a raster with

.

lesa than 17 of linearity distortion.
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Figure 82 Correction Input to Q3-G k
7.3.2 Horizontal Deflection System
E The initial circuit implementation was as shown in Figure 83. The concept had heen
E developed at Philco WDL for possible use in commerecial color television sets. The initial
breadboard was constructed with components designed for use at relatively slow-speed
applications to test the fea=ibility and to provide an insight into the probable limitations for ’

the high-apeed circuit. The main benefits of this design are the very low-power requirements
combined with very high degiee of linearity obtainable. The breadboard operated with less

than 35 watta of total power and produced a deflection current adequate for commercial tele-

vision with a linearity of approximately 2°:, However, the disadvantagea of this circuit, when
scaled up for high-speed operation, are associated with the recovery time of the SCR. The
recovery time becomes too short for even the fastest available SCR, and the voltage and

o

[ current requirements for the semiconductors become the limiting parameters in this
- application,

The circuit operates as follows. The syne signal input awitches the SCR ON to initiate the
resonant flvback reset of the voke, The voltage, due to the charge on the resonating capa-
citor C in inverted, atepped up, and applied to the deflection yoke through the action of the

flvback transformer, The voke and the capacitor become a resonant circuit and can be
represented as shown {n Figure 34,
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(CHARGING CR?
T INDUCTOR) =~~~ (DAMPER -
DI0DES)
iFLYBACK CR3
TRANSFORMER)
L2
(DEFLECTOR
YOKE:
] . IRESONATING L :
CAPAC!TOR! =T
ISWITCHING
SCR
S ) U Q-—_—-H CA1
ISYNC

Tigure =3 Initlal Defloction Circult

INITEAL CONDITIONS
. =PEAR DEFLECTION CURRENT
\'Q = NNV L~1‘

Figure 34 Equivalent Flyboek Cireuit
(Valid Onlv During Flvback Perad
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the flyback period.

[ ——

This circuit resonates for only one quarter of its resonant pariod at which time the voltage
at the CR, - L, junction has become positive enough to forward bias CR2 and CR3, The
diodes hold the voltage from increasing further. At the same time the current in L2 has

‘resohated for 174 Bariod®o a valus of approximately - L. " Thas the resonant action has
- succeeded in resetting the current in the defleotion yoke and the voltage across the deflection =~

voke has returned to + V + '(Vcr‘? + Vcrs)‘ Dﬁrmg the flyback period the transformer builds
up its internal field. Then during the trace period the collapsing field in the transformer
holds the deflection yoke voltage constant by keeping CR2 and CR3 forward biased. The

voltage on the resonating capacitor influences the voltage on the deflection voke only during

The operation of the circuit during the trace period can be understood with the use of the
equivalent circuit shown in Figure 85. The initial current in the SCR (Iol) {s the current
required to reset the deflection yoke, multiplied by the transformer turns ratio. This reset
current is equal to twice the peak deflection current (the current goes from plus I peak to

minus [ peak).

Vg2 0

lgy = 2N

0 s PEAK DEFLECTION CURRENT

‘gz =0

Le = PARALLEL COMBINATION OF THE
LEAKAGE INDUCTIQON AND THE
PRIMARY INQUCTANCE OF TRANSFORMER

|

CEFLECT:CN
YORE

Lo

CR1

= Figure §5 Egquivalent Trace Clreult
(Valid Only During Trace Period)

The initial current in L1 (Iof) is amall and can be asgumed negligible for ease of analizing
the clreuit, Capacitor C, has resonated from a pogitive charge to zero during the flyback
period and \'O can be agsumed zerm. Le and Cl then resonate for 1 4 cvele until the
current through CR1 decreases to zero at which point CR1 becomes reversed biased. (113
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now charged with a negative voltage approximately equal in amplitude to the applied
voltage (+V). During this time the current in I.1 has increased only slightly because of
its relatively-long-time-congtant; but, a8 CR1 becomes reversed biased, Lo 18 removed

from the circuit and If_,1 and C1 become a resonant cireuit for 172 cyele, This returns the

charge on C1 to ite initial condition prior to flyback,

Utilizing the same circuit concept, high-speed transistors were substituted for the switching
SCR. A ..ew high sensitivity deflection voke was chosen and the transformer and charging
inductor were redesigned. The use of transiatora instead of SCR's was a significant change
due to the major impact on the complexity of the drive circuits. Using transistors allows

a more precisge control cver awitching functions but is troublesome due to more complex
control input requirements, The modified design allowed low power operation at the proper
frequency 3 usec trace and 2 psec retrace) but also taxed the limiting parameters of each
component, The first limit was found to be the saturation characteristics of the transforiner,
Evaluation of the transformer requirements showed that an optimum design would involve

a trade off between two main parameters: high secondary inductance and low-leakage in-
ductance, A number of transformers were constructed with different option changes in-

volving core size, core material, winding configuration, and wire construction,

Further developments on the circuit invelved using special "'state of -the-art’’ thigh voltage,
high current, and high speed simultaneously) transistors fur the power switching funetion
and the addition of a feedback loop to provide a free running mode of cperation to safegizard
the display in the event of loss of input sync. The developments of high-speed, high-voltage
zemiconductors and a good high~frequency pulse transformer were the major kevs to the
impleme.atation of the horizontal deflection svstem, The design of the ‘ransformer can be
described by referring to the equivalent circuits of Figure 34 and 35 and considering the
transformer equivalent circuits {n Figures 84, 87, and =8,

It becomes evident from these equivalent civeults that the important parameters are:
leakage inductance (Ley, secondary inductance (dai, de current 2aturation characteristic

<I:'\'D1 1, and the turns ratio «No,
ac

The leakage inductance must be kept at 2 minimum since {t 13 in series with the output, and
the secondary inductance must be maximum 3since it {8 {n parallel with the output, But these

regquirementg are mutually inconsistant 2ince both are directly proportional to the numhber
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of turns (ni on the trangformer, The saturation characteriatic is also directly pi‘oportional
to n. Using the following design formulas relating thess parameters and the core data, a
best compremise solution is found as follows:

|
o

- transformer core air gap g = ﬁﬂ- (inches)

4 10° Ac x 1077
secondary Inductance Ls - ng urichJ-COR 51 1g

(henries)

31,92)1cun (Ts 3 + Tgep) x 107
W

leakage inductance Le = {4 henries)

CORE: Ferroxcube 6656 Part = K5-330-11-3E (core halfy

Bobin: P4-5364-71

AL =15200 inH 1000T ue = 2440
le < 4,34in=12.3cm

Ae = 1,11 inz = 7,13 cm3

Vo= 5.3 in = 425 em”

Winding area = 0.620 in~
«Full Bobbim

>
Mean length of turn = 5,11sin = 13 cmj

0.3 0,23 (3.

iz - . - 0.01377 T 0 G
2000

-
41,261 (8251 (7,15 10

[N

Lac ] = (1,25 10,12 (7,15 10 = 1.0 mH
—— +~ (0,02) (2.5h
Il
2300
320 (4.0 (D625 Y, 05 + 0,05 .
L - (320 (2,5, ljidu. ) 0,05 A LH
(=g e

The turns rati- is deterimined by caleulating the relationship of the retrace voltage to the
tracc voltage and then approximating the loases in the circuit that effect the wave shape of
the retrace voltage., Under ideal conditions the retrace voltage i3 the fourth quarter of a

<ine wave hut bocause there is a rise time associated with the initiation of retrace, and
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because thera are resistive losses and ssries lmb-adtncea b'etwesn the yoke and the resonating
capacitor, it i8 necessary to make an approximation of the actual voltage wave shapa, A
good approximation is a trigngular wave as shown in Figure 89,

 RETRACE

OV — —

tp 2 8.4 usec ’
lH‘ 1.6 18t

Figure &9 Deflection Yoke Voltage (Approximation)

For zero de current in the voke the Vt product must be zero thus. c
[ 4
itrace voltage) (trace time) = (retrace voltage: (retrace time
: o v - @ NV .
Vgt = V. 2y ¢y = V= 2 -1 VI
T "R R“"R'™ R ' \
_ (2 (B0) (3.4 _ Lo f
\R —r 830\
turns rafio N = ?%% = 3,2
with M = 25
PR _ 25 L ..
pPrimary turma = = s murns

Notice alao in the preceeding calculations that numbers were used for afze and spacing of the
windings {.e,: lcu = mean length turn, Ta-p = thickness of insulation between primary and

gecondary. These numbers were determined by using the winding configuration of Figure 90,
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The primary windings are made with copper strap 7/32''-wide by 20-mil thick. The
secondary windings are made with a Litz type wire consisting of 4 strands of 20 AWG heavy
formvar twisted evenly into a cable. A third winding consisting of one turn was put on the
transformer to subply a dd valtage o be used for horizontal positioning of the Taster of the
CRT. This winding does not affect the uperation of the other circuitry because it conducts--
current only during retrace, The present circuit configuration is as shown in Figure 91,

The output circuit operates as previously described except that the switching function is
accomplished with transistors, The SVT 250-30 and the two 2N 3346 transistors provide the
power switching that waa accomplished by the SCR in the glow speed circuit. The SCNAIF ]
and 3SF4 diodes are réquire-d by keep from reverrsei l;iaéiﬁg the transistors. The IN3014B 7

zener diode provides over-voltage protection for the transistors which becomes necessary

provided by two darlington connected circuits. One for turn-on and the other to turn them L;
off, The "on' cireuit 1s connected as a constant current source to provide isolation be- |
tween th> inpat and the drive. Enough current iz provided through the 130l resistor to keep
the output transistors saturated during the retrace period and the 120,047 uF RC com-
hination provides an extra boost to 2peed up the turn on of these transistors, The OFF
cireuit is connected as an emmitter-follower to provide a very low impedance that can drain
the base charge from the output transistors and turn them off quickly. The two IN4642 divdes
keep both circuits from being on at the same time, Two 2N2219 transistors are connected

as a non saturating differential amplifier switch to drive the darlington stages, and a

2N2005 provides a high input impedance for the avne signal. The 2N3637 feeds back a signal
to retrigger the circuit for the free running mode if there ia no syne signal input. This
feedback zignal is eliminated whenever there i3 a syne signal by the 2N2219. The 1000 pF
capacitor is charged 5v the input syne which turns on the 2N2219 and shorts out the feedback
signal. The discharge time constant is such that the fecdback takes over comtrol if more than

tye 3vNC pulses are missing.

A commparisen of the operation of the present circuit to the dezign goals iz made in Table V,

The ohotographs of Figure 92 show the voltage and current waveforms obtained with 35 kV
anode potentizl and the deflection circuits adjusted for full screen deflection. The current
ramp linearity is measured by overlaving a straight line intersecting the end points of the

current ramp an. measuring the vertical deviation. Measurement of the display linearity
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; in the event the input syne becomes unstable or erratic, The drive to these transistors is
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VERT: [, 0 AMP/CM HORIZ: 2,0 uS/CM

VERT: 200V 'CM HORIZ: 2,0 1S'CM

Figure 92 Deflection Yoke Current and Voltage
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TABLE V -
COMPARISON OF PRESENT CIRCUIT 10 DESIGN GOALS

L PARAMETER | DESIGN GOAL | ACTUAL REMARKS/CONDITIONS
! Horizontal period (g9 9. 37 9,0-11.5 \$C1rcuit operates at input sync
Trace (#8) 7.9 7.2-9.2 Jrate within these limits
Retrace (us) 1.97 1.8-2,3
Deflection current Using FYS 1448-5600 7500 with
Raater zize (Inches) 371 aquare 73,1 square’| SM117 Thomas CRT.i33 kv - 1

(Pk-Pk Amperes) 5.5 3.6 53V Supply,
|
1
j
!
l

| | Using above voke with 4.2A p-p | :

? Power Req't 100 watts 110 watts | 55V Suppiv « 1,7A de =15V ! '
|

r - Loa0, 1A 1 .

| . . - | I v

: Linearitv ; | o

Current ramp o 3.5 i fame cenditioms as for raster | . “

L Display (on axis) 2 3° J size measurement l i . :

- v

was made bv using a photograph of the projected image of the 512 ¢olor bar pattern on the

o

creen. The red-field pattern breaka the sereen into 64 equal time ‘ntervals by using the

edge transition between the brighteat and darkest red bar. The distance (to the nearest

. -

0,07 in,y from the left edge to each of these transistions was made and compared to its cal-

} culated relative distance for perfect linearity. The deviations were normalized to reflect l
measurement from center to edge of the display and the linearity was determined as the

t deviation times 100 divided by the distance from center. ]

Recommendation - as has been stated, the circuits developed contain unique designs asso-
ciated with the flvback transformer and the high speed switching transistors, These devel- j
] opments enabled high speed performance with excellent non—corrected linearity of the diaplav

and relatively low power diszapation, A further advantage of this method is the elimination

of the crosg=-over distortion present in conventional resonant flyback deflection,

|

i Futire improvements would involve a redesign of the magnetics (transformer, deflection |
voke) to reduce the power requirement and fmprove the linearity of the display The meajor

powoer digsipation ta caused by the high currenta in the awitching tranaistors and associated

dindes which are characterized by fixed voltage drops almost independent of the current,




d

it

By increasing the operating voltage of the magnetics, the current requirement decreases
in direct proportion. The powser requirement is thus reduced, but not without cost, The
voltage bréakdown réquirament of the transistors inoreases hy-twicethe-inorease:in aupply

- voltage and-of the damper diodes by five times the increase in supply voltaga.

Other improvements should involve the incorporation of linearity correction methods such
as a passive reactance in series with the deflection voke to create an "S" curve deflection
ramp or a negative resistance amplifier in series with the veke to cancel the resistive
losggs ir the voke.
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COLOR WHEEL CONTROL SERVO

8.1 COLOR WHEEL DRIVE

The color wheel drive brings the color wheel up to speed and locks the wheel into synchronism 3‘
- with the scanning electron beam. The drive must position the various color filter sections in T
[ front of the CRT with the correct phase and speed if good color purity is desired. The design .
specifications for the drive system are given in Section 8.1. Section 8.2 discusses the al- i-i
E ternatives considered and the design which wasg finally selected. Test results are discussed ’
in<.3, {
L
3.2 DEISGN SPECIFICATIONS :
[ i
Synchronous Speed 1800 RPM p
Phasge jitter = 15°
ﬁ Pull-in Torque estimated 10-15 in-oz.
Pull-out Torgue estimated 10-15 in~oz.
E Starting Torque estimated 10-15 in-oz. ‘
i
F The pull-in, pull-out, and starting torque specifications were estimared from rough calcula-
* tions of the amount of windage and bearing friction expected for color wheel drive. Some
tests were made on a laboratory synchronous motor driving a plastic diask to verify the ?
amount of torque required, 1
b
3.3 DESIGN SELECTION ,

Three different drive schemes were consldered for the color wheel drive.

e ——— N
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Alternative 1: Synchronous AC motor with phase-locked locop. The first method utilizes a

sy nchronoua motor_ with feedback to a phase 1ocked loop as shown below in Figure 93 Two

mmlm markers s.t the beginning of each red field generate a position pulqe which is com-~
pared in the phase detector with the reference syvne pulse. Any phase error will generate a
correction voitage which changes the frequency of the Voltage-controlled-oscillator (VCGO) in
a direction which will decrease the phase error tc zero. Fine adjustment of the phase is
possible either Ly inserting an error voltage to the VCO or changing the location of the posi-

tion marker sensor,

Advantages Disadvantages
automatic phasing fa:riyv complex circuitry
good phase stability pull=-out torque determined only

by motor rather than motor and

drive

Alternative 2. Svnchronous hysteresis motor with direct drive, A block diagram of the

second alternative appears in Figure 94. This svstem is similar to alternative 1 except

that no automatic phase control is provided,

The reference svnc pulge in this gvstem is used to drive the colev wheel through a pulse re-
shaping cireuit and a power amplifier contained in the drive circuit. Using a svnchronous
hyvsteresis motor, the lock-in phasge i{s arbitrary and phase shift circuitry is required to ad-

just the phase of the color wheel to the correct value,

Advantages Disadvantages
good phaze stability no autc .natic phasing
simple oill-cut torque

determined by motor only

Automatic phage capabtlity could be incorporated in this system: however, if automatic phas-

ing is desired, alternative 1 might he a better cheice,

Alterrative 3: DC Motor with phase-locked loop. This system is the most sophisticated of the

threo Aternatives considered and gives the best performance. As shown helow {n Figure 93,
thi~ alternative 1s a true speed and pnase control servo ayatem w th excellent position ac-

curacy «nd speed comrol, The reference sync pulse is compared {n frequency and phasge to
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SYNCHRONOQUS

) MOTOR
COLOR
WHEEL
: i
3 -~ REFERENCE _- s L ] omve | -
, [ —
SYNC PULSE CIRCUITRY CIRCUIT

MANUAL
PHASE ADJUST

Figure 94 Svnchronous Hysteresis Motor with Direct Drive

: FREQUENCY
i REFERENCE INPUT UENC CONTROL

] AND PHA —— -
SYNC PULSE CIRCUIT ND PHASE A l

? COMPARATOR CrRCUIT

* | ) |

MOTOR
AMp

R Lot

)
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i 0PTICAL
! SPEED
L SPEEC 1 Tac ENCODER

B anluafeues o B

Figure =3 D<C Motor with rhase-Locked Loop
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the phase and speed signals sent from the optical encoder, At non-synchronous motor speeds

only a logical frequency error signal is developed to bring the motor up to sgeed. After syn-

chronism is achieved, the phase error is then nulled out, Commercig'i 86TV s:;’sfems using
“this approach have attained instantaneous position accuracy of better than =10 are seconds
and are very insenitive to load variations because of the broad band high gain feedback,

Advantages Disadvantages
excellent phase stability high cost and complexity
" high torgue and high stiffness :
for small motor size

insenitive to load variations

Design Tradeoffs and Selection of Experimental Design, For use in an alrborne application

where high G forces mav be encountered, alternative 3 is the best choice since the varving
bearing and gvroscopic loads on the color wheel motor will not affect the wheel speed or

phazing.

Alternate 1 and 2 are essentially the same except for the automatic phasing,

For the purposes of the study and the experimental display, the simplest approach, that of
alternative 2 was chasen for implementation. The schematic and details of operation follow

in Section 5.4,

<.4 DESCRIPTION OF DRIVE SYSTEM AND SCHEMATIC

Figure 96 is a schematic of the coulor wheel servo,

The one-shot Z1 is a Fatrchild 9601 integrated circuit device which ig connected to trigger
on the leading edge of the red field pulse as shown in the Timing Diagram (Figure 37), The
timing of Z1 is variable by means of the "Color Wheel Phasing" potentlometer which is8 lo-
cated on the front panel of the display. The range of adjustment of Z1 ia from 2 milliseconds
to 20 milliseconds to allow any of the red, green, or blue filter segments ot the coior wheel
to be phased to the proper poaition regardless of the phase obtained when the color wheel
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motor to lock in synchronism at an undetermined phase position,

Z2 is triggered by the tralling edge of the pulse from Z1, The width of this pulse i8 adjusted
to be exactly one half the period of the red fleld pulses by means of the symmetry adjust
trimpot R3, located on the color wheel drive circuit card., The output of Z2 is thus a square
wave which can be moved in phase with respect to the input red field pulses,

i Z3 is trailing edge triggered by the output of Z2; and Z4 18 leading edge triggered by Z2 to

develop two symmetrical drive signats to the transistors driving the power transformer T2,

The two drivers turn on alternately to develop the voltage needed to operate the motor. Since
) the drive signals are svnchronous with the red field pulses and the color wheel is synchron-

ous with the drive, the color wheel stays in phase with the ficic infor.mation,

t A few of the significant details of the circuitry (See schematic Figures 96A and 96B) are as
followg. The diodes CR5 and CR6 are included tc prevent the collector base junctions of the

I DTS 425 power transistors {rom being forward biased when the opposite transistor turns on,
The daraping network consisting of R13 and C6 18 necesgary to control the transients caused

‘ by the QB and Q_1 turn-on and turn-off, C7 is a high frequency capacitor to prevent oscilla-
tion of Q, and Q4. T2 13 a special design to handle the square wave iaput drive without sat-

s urating, This transformer was designed by TRANEX, Mountain View, Ca, The synchronous

{ hysteresis motor i3 an external rotor design with sleeve bearings, The external rotor de-

I

gign of this motor yields high torque and small size, and the sleeve bearings give quiet opera-
{ tion with a minimum of vibration,

l 5.5 TEST RFSULTS FOR COLOR WHEEL DRIVE SYSTEM

The completed color wheel drive system operates satigfactorily in the Real Time Improved
Color Display. The color wheel i3 driven through a right angle croased helical gear system
1 / which generates a small amount of noise due to a slight hunting of the color wheel,
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__._ Synchronous Speed
Phasge Tifter
Starting Torque
Puli-in Torque
Pull-out Torque
Time to Achieve Phase-Lock
from Rest (1500 RPM)

Drive System Data
' Color Wheel

Size of Color wheel

Material
Weight of color wheel

Moment of Inertia of wheel

) Drive Motor

Type

Size
Speed
Input Power

Moment of inertia of rotor

“Test-Reaults — -~ -~ - o - e
11500 to 1800 RPM

"25seconds T T

+ 10° approx.
19 n-o0z.
est. 19 in-02.

est,~ 19 in-oz.

0,240" x 12 1’4" diameter
Pyrex glass
2 ibs, 4.5 oz.

- 2
~1.72 0z-In-sec

External Rotor, Synchronous
hysteresis

31 4" dlameter x 2 1 4" long
1500 to 1800 RPM

~80 watts

10,2 oz-in-gec”

"

A8 an approximation, the gear and windage torque losses may he calculated as the difference

between the starting torque (TS) and the torque required (Tr) to bring the color wheel up to
1500 RPM in 25 seconds. TFor a thin disk with no damping:

J atn=T
Q r

t t
and JOJ o @t dt soTr dt
0
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TI‘ JOW {t)

¢ where el
= ~ vetle color whae
© J0 Jo motor Jo !
=0,2+1.72 oz—in-sec2
T, =192 o;:—in—sec2 530 rad W(to) = 1500 RPM 2 1radians
b --23-8ec - - - gec - : RS 60 sec  — - - oo
T.=12.05 0z-in = 53071 radians
r sec
t =25 sec
o}
T =18 oz-in

Thus, for the laboratory eystem about 7 oz-in of the available motor torque is necessary to

counteract the bearing, gear and windage losses, Any motor supplying more than 7 oz-in of
torque could bring the color vheel up to speed although the time to achie.e synchronism
would be excessively long If the torque is near 7 cz-in. Also, the stiffness and resulting
phase-stubility of the color wheel would be poor,

The present motor is a Pabst HSM 20,63-4-9=D. This motor was selected because of its
high torgue external rotor design and its low cost. For an adverse environment application,
i sealed internal rotor motor could be selected If further analysis of the load disturbance

showed that a synchronous hysteresis motor could be utilized while maintaining the required

8

phase stability. In general, the size and weight of 4 synchronous hvsteresis motor with suf-

ficient torque for this application would be appreciably greater than that of a amall DC servo l
motor of the same capability,

[ 1)

8 CONCLUSIONS AND AREAS FOR FURTHER STUDY

Control of the color wheel is a fairly simple servo problem. For ground applications, where

no ryndom load distrubances occur, a simple open end drive using a svnchronous motor

vields excellent performance. For airborne applications, the lack of stiffness of the 8yn-

chronous motor approach will probably cause unacceptable oacillation of the color wheel
about the correct phage position,
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.. 86,1 Conclusions

a, TFor ground épplicatic’ms,’ use synchronous motor with automatic phasing. - —  _

b, For airborne application, use a dc servo syst:m with velocity and position feed- ’
back to attain high resistance to load disturban-es while maintaining light weight
and small size. The tradeoff is the much greater circuit complexity of the de ,

o -~ - -servo.system compared to the synchronous motor system.

3.6.2 Areas for Further Study

Two areas should be investigated further with respect to the possible implementation of a

sequentiul display in airborne applications., These are:

a. A literature search and investigation of the G-forces and pitch and yvaw rates for

various aireraft.

l b. A program to determine analvtically and experimentally the load disturbances on

the colo~ wheel drive syatem due to the aircraft maneuvers investigated in part A.

Both of these areas are fairly simple to grudy and would firmly establish the specifications

for a color wheel servo for aireraft use,
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HUMAN FACTORS CONSIDERATIONS

Vil MR

—~ . 5.1 INTRODUCTION .. . i L _ -

Huw.nan Factors considerations ure of great importance in assessing the Real Time Improved
Image Display. The match of human operator visual characteristics and the corresponding

design aspects of the display must be known in order to determine the best utility of this de-

vice., The relevance of color as an information display technique has been frequently dis-

cussed in the literature and Human Factors design criteria for color displays havs zeen

-

devised for most ordinary applications L In addition, visual criteria influencing the

e~ mem e e e S GRA oew DS

design of color CRT display svstems have been widely 1m’est1g;tted4.

In this report, a Human Factors evaluation of the design parameters for this specific dis-

) play device is presented. The most important of these purameters (color generation method,
resolution and registrationy are examined in greater detuail und recommendations are made
for additional studies which must be performed to define more clearly the applications in

which this device can be most effectively used,
9.2 PHYSICAL DESIGN CHARACTERISTICS AND PSYCHOLOGICAL CORRELATES

The phvsical design characteristics of the Tri-Color Display were identified in the original

specifications and ~ngineering tests have been performed for these design paramete' s (s¢e
Section 1.4 of this report), Psychologlical correlates which can be identifled for these para-
} mcters are shown in Table V1. Although the last item in the table, "Coler Generation

Method' is not a4 design parameter against which tests were made, it {s nonetheless a design

S characterlstics inherent {n the device which requires separate treatment from a Human

Factors standpoint,




TABLE VI

DESIGN CHARACTERISTICS AND PSYCHOLOGICAL CORRETATES

- hnsip:n Paychological
Characteristics Corrclate
Spatial Frequency Response Resolution
White Brightness Brightness
Color Brightness
Color Brightness Shades
Gray Seale
Shading
Black and White Contrast Ratio
Color Gamut Iue
Color Linearity
Purity Saturation
Color Misregistration Registration
Flicker Flicker
Color Generation Method Color Hue Perception Method

In the paragraphs which follow, the most relevant of the design characteristics for each of

the psychological correlates are discussed.
9.3 RESOLUTION

The measurements of spatial frequency response described in Section 2. 1.1 indicate that
1000 lines are resolvable in horizontal and vertical directions. It can therefore be inferred
that each clement of a digital video raster of 106 picture elements will be resolvable from

adjacent elements,

-
As Luxenberg and Kuehn’ describe, Rayleigh's criterion for the resolution of two point
images requires that the center of the diffraction pattern of one point fall on the first dark
ring of the other. In achieving this relationship, the minimum illuminance midway between
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the two images is 26,5 percent below the two maxima. Actual observations supported by
some theory indicate that a differential of 2.2 percent between the maximum and minimum is

sufficient for resolving two points, This relationship is known as Conrady's criterion.

Spatial frequency response for displayed lines may be obtained by measuring the maximum
illuminance at the center of a line and comparing it against an adjacent minimum in the space
between lines. The point resolution criteria described ahove are applicable to these

measurements.

The data indicate a horizontal frequency response of 45 percent and a vertical response of
50 percent, both measured at 1000 lines, These measurements are well within either

Conrady's or Rayleigh's criteria for resolution.

9.4 BRIGHTNESS

A maximum of 33 footlamberts of white light was measured for this device.

As is noted in Section 4.0, brightness can be improved by increasing the accelerating
voltage any by reducing the green purity. For Command and Control applications,
a screen 10 inches by 10 inches is considered suitable for viewing. If this change
is implemented; a side benefit would be in the considerable light output improvement.

Measurements of the '"Shading' parameter indicate that corner brightness is generally one-
half of center brightness. In the photopic luminance range of vision, hue is dependent upon
luminance; an effect known as the Bezold-Brucke phenomenonG. An apparent shift of 10 to
20 nanometers may be experienced for some colors as retinal illuminance changes. Cor-

rective circuitry can be employed to provide uniform luminance across the display surface.

Section 2. 1.3 presented a detailed discussion of gradual brightness fall-off from the center
to the edge. This fall-off was not objectionable to an observer. Observation of the image on
the laboratory test bed verifies this fact, Before circuitry to correct for this phenomena is
utilized, consideration as to brightness loss should be made.
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Color brightness shade tests indicate a maximum of 7 shades of red, 12 of green and 5

of blue, where each successive level is 4/2 times greater than the previous level. However,

perceived color brightness is not a geometric function of illuminance. Therefore, a quantiz-

ing function based upon empirical investigations of distinguishable brightness levels for each

primary should be employed rather than the geometric function expressed above.

9.5 HUE

The color gamut measurements indicate that the red and blue primaries lie well within the
triangle foiired by the NTSC primaries on the CIE Chromaticity diagram and the green pri-

mary is sliglitly displaced from NTSC green.

The hues measured on the three color components are very good when considering available

phosphors, Only minor limitations would result and would only be apparent when the display

is compared to the original object field,

9.6 SATURATION

As indicated above, the red and blue primaries lie within the CIE NTSC color triangle. Thus,
the most pure red on this device will be less saturated than NTSC red and the most pure blue
will be less saturated than NTSC blue. The most pure green will be somewhat more saturated

than NTSC green.

9.7 REGISTRATION

Virtually no misregistration was detected for this device. Generation of target images can
be performed without concern for image recognition and interpretation problems which arise

in other systems. The implications of this characteristic, combined with high resolution,

arc discussed in paragraph 9. 10.

9.8 FLICKER

o flicker was detected for the red and bluec fields when they were displayed alone. Some
flicker was evident for the green field and for the combination of all three fields yielding

s hitee when large areas were observed 1t high screen brightness. However, the frame rate
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for this version of the display was only 25 Hz as opposed to the design goal of 30 Hz, The
detectability of flicker is substantially decreased at this higher rate, particularly for the
retinal illumination achievable with this display7. Individual differences in the detection of
flicker and in the tolerance of it when it is detected are quite pronounced. For use of this

device in an operational environment, display frame rate can be modified to operate at 30 Hz.
9.9 COLOR HUE PERCEPTION METHOD

The perception of the color of an image is a complex phenomenon dependent upon several
variables, such as wavelength, illuminance, area of illumination, purity, past experience
of observer, luster of surface of object, etc. There are two percepiual mechanisms which
are of importance in assessing this display:

a. Perceived color images generated by field sequential color stimuli,

b. Perceived color images formed by the fusion of adjacent image elements having

different amounts of primary color components.
These mechanisms are interactive. The former effect governs for large image areas of a
single hue, and the latter effect contributes to perceived color of images containing fine de-
tail. The human factors implications of these image formation methods are discussed in the
next paragraph,

9.10 ANALYSIS OF CRITICAL HUMAN FACTORS PARAMETERS

In order to perform further analysis of this device from a human factors standpoint, it is

first necessary to examine the potential applications, which include the following:
e Display dyn:;.mic color images of data obtained in real time directly from a sensor.
e Display stored dynamic data which has been obtained from such sensors,
° Target detection and identification

) Image enhancement and analysis by employing digital techniques to encode data for

display.
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There are three characteristics of this device which warrant further analysis in assessing
the suitability of this device to these applications. As indicated in the preceding section,
these are:

e Color Hue perception method
® High resolution

e Perfect registration

The generation of color stimuli by means of a rotating color wheel placed between the ob-
server and the display device was the method by which color television was first attempted.
It was dropped for commercial color television applications because of lack of compatibility
with monochrome systems and decreased definition, These drawbacks are not applicable to
the Tri-Color display. However, there is a characteristic of this device which might pro~
vide a limitation on the display's application. As Zworykin and Morton point out, ... FJQ
annoying defect also is fundamental to the system, namely, color fringing and color breakup.
If an object moves very rapidly in the picture, its image shows leading and trailing color
fringes since the successive color images are displaced so far that they are no longer in
register. For a similar reason, if the observer's eye moves rapidly, the successive color
fields will not be in register at the retina of the eye, and a.n unpleasant sensation of bright
color flashes is experienced. 8 Since both of these defects involve the same perceptual
phenomenon (retinal image misregistration) they will be referred to as the '"color breakup"

characteristic.
Color breakup will affect the following tasks to which Tri-color could be applied:

a. Interpretation of dynamic images, in which either the sensor or targets move

rapidly.

h. Detection and interpretation of transitory phenomena, the duration of which are
shorter than the period required for generatiorn of the three successive primary

color fields.

¢. Identification of targets which appear in a portion of the displayed image fa: from

the current fixation point.
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Regarding this last item, reference can be made to OSA's, The Science of Color, '"Most
chromatic colors appear to change color with change in position, that is, the sensation may
change from strong red to weak yellow to pure gray, or from green ‘» yellow to gray, during
slow movement of the stimulus from the fovea to the periphery. ...Thus, most chromatic
stimuli, if greatly reduced in size or luminance, fail to elicit chromatic color sensations
anywhere in the peripheral retina, .. "9. It can be inferred that if an observer is viewing a
screen of constant hue and a target should appear in his peripheral vision, the color of the
target will tend to be shifted toward the color of the last field that is presented on the screen
as the observer shifts his fixation point to the target. This coloration will result from the
retentive characteristics of the retina (which permits the integration of successive fields to
yield perceived hues) and the initial homochromatic after image. However, the more serious
problem is the color breakup of the target image as the eye shifts from the fixation point to
the target. A series of target images, each of a separate color component, will be perceived
as the eye moves and fixates on the target, ...However, our informal observations indicate

that the affects of the breakup phenomenon are substantially reduced as the frame rate is

increased.

High resolution combined with nearly perfect registration is commonplace in displayed data
(i.e., printed or photographic material), However, this combination gives rise to the per-
ception of color by a second process, which is the fusion of adjacent colors of different hues.
If the image contains fine detail near the resolution limits of the device, then it is likely that
the perceived image will be an additive mixture of the components of the image. Ralph M,
Evans in An Introduction to Color describes the phenomenon qualitatively as follows; "When
small colored areas are far enough away so that individual areas cannot be seen, it is impos-
sible to tell whether the color seen is continuous. The color would look exactly the same if

all the small areas were replaced with a single large area having the mixture color.

... For example, a random series of red and green dots covering a surface will be seen as
such if the dots can be resclved by the eye, and no trace of yellow will be visible. As the
distance from the observer increases, there will be a point at which the mixture color comes
and goes (usually as a yellowish brown since a bright yellow cannot be produced in this manner)
and red, green, and brown are all visible at once. At greater distances the color becomes
permanently brown and cannot be seen in any other way.' And later, "Distant viewing of

small colored areas may fuse them to an entirely new color. Finally, viewing of surfaces
from an intermediate distance may make their appearance fluctuate between the color of in-

ddividual areas and the fusion of the whole"lo.
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If perceived hue is to be used as a recognition parameter for images containing fine detail,

the scheme used for encoding the data for display must take into account this perceptual
characteristic,

8.11 RECOMMENDED ADDITIONAL STUDIES

As the preceding sections of this report demonstrate, there are some perceptual effects of
the Tri-Color Display for which insufficient data exists to make Human Factors conclusions.
This data can only be obtained by performing studies in which empirical data is gathered
from observers who view the display under controlled conditions. These studies are re-
quired to determine the functions and the operational conditions for which this display is best
suited. Tour study areas have been identified which are of importance in defining the role

of this device in display technology. Brief descriptions of these studies are given below.
9.12 BREAKUP PHENOMENON

Image color breakup will occur for both digitally generated and analog generated displays.
For digitally generated displays every point in a moving image can be generated in each color
fieid; however, in analog displays, movement of rapidly moving objects will result in the
leading and trailing edges of the image appearing in only one or two of the color fields at any
given instant. Breakup for digitally generated displays will result primarily from movement
of the eye fixation point; however, for analog displays both eye movement and rapid object

movement will contribute to image misregistration on the retina,

9.12.1 Purpose of Study

The purpose of this study is to determine the rates of image target motion at which breakup
occurs and to determine the degree to which breakup interferes with perception of the target,

Investigations will be made for both analog and digitally generated data.

9,12.2 Experimental Method

The method of limits will be employed in this study, using bars which move across the screen
at controlled rates. The dependent variable will be movement rate; independent variables

will include bar color, background color, bar width and luminance,
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9.12.3 Stimulus Generator

The stimulus generator for the digitally generated displays must be a memory system capa-
ble of generating imagesof bars in each color field and moving them across the display sur-
face. For analog displays, a pulse generator having pulse width, height and phasing controls

will be required.
9.13 COLOR PERCEIVED BY FUSION OF ADJACENT ELEMENTS
9.13.1 Purpose

The purpose of this study is to determine display resolution at which fusion contributes to the

perception of color hue, '

9.13.2 Experimental Method

The method of limits will be employed using picture element matrices of various resolutions,
The dependent variable will be detection of fusion; independent variables will be matrix res-

olution, matrix color, brightness and screen viewing distance.

9.13.3 Stimulus Generator

A digital memory will be required which is capable of generating dot matrices in various

patterns, such as those shown below,

RGBRGBRGB... RRGGBBRR...
GBRGBRGBR RRGGBBRR,...
BRGBRGBRG - GGBBRRGG,..
RGBRGBRGB GGBBRRGG.,...
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9.14 COLOR OF PERIPHERAL TARGETS
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The purpose of this study is to determine coloration of peripheral targets due to retinal re-
tention of last color field when fixation point shifts to peripheral target,

R e AL okl o AR LIRS

-The-method of constant stimulus-differences-will-be-emploved: A screzn-of constant hue-
which contains a fixation target must he provided, A target will be introduced in the periphery
and the observers will report hue perceived at the onset of the stimulus. The dependent

v . iable will be perceived color, Independent variables will be target ¢olor, scre.n color,

brightness and distance of fixation point {rom peripheral target.

9,14,3 Sdmulus Cenerator

oo

A digital memory which {8 capable of generating a static fixation target and permitting the
addition of a peripheral target at a given peint in time will be required,

P

9.1> HUE OF TRANSITORY TARGETS

9.15,1 Purpose

The purpose of this study will be to determine the hue of targets diaplayed on the screen for

very brief perinds of time, The minimum duration of target stimnulus required to match a

constant stimulus color will be obtained,

9,15.2 Experimental Method

1
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This study will use the method of constant stimuli using targets which are presented for very
brief controlled intervala, The dependent variable will be perceived hue. Independent vari-

ables will be target duration, target mize, background color, target color, and brightness.
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8,15.3 StHmulus Generator

A digital memory capable of generating targets of various sizes, which a.rejreaented to the

" “observer at ﬁxed points in time a.nd for controlled duratiuns will be required
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- SECTION 10.  _ L

INTERFACE AND S8CAN CONVERSION

10.1 BACKGROUND

It must be recognized that the color display has an enormous capacity for information.
In one frame alone, 9,000,000 bits of information are consumed (each primary has 8 levels).
A sophisticated memory and refresh system is required to present data to the dieplay, In
addition, the information may come from numerous devices or sensors. A brief description
of sensor or information storage devices is presented, This will serve as background in-
formation to help understand the problems faced in designing an adequate interface, Next,
the description of the 9,000,000 bit mass memory designed and built to drive and refresh
the diaplay will be deacribed.

P 2

10,2 SENSING DEVICES

-

Laser Scanners. Several techniques have been developed for application in laser acanners.

Some use galvanometer, repetidve movement while others depend on constantly rotating
members such us rotating polygone. A galvanometerdriven system would find application
in an ajreraft environment., The usual mode would be to provide scanning in a direction
perpendicular to the flight path while the aircrafts's motion would cause the completion

of the scene. The low-frequency characteristics of & galvanometer device would dictate

i a line scan period not l.sus than several milliseconds. The speed of aircraft would not
warrant a faster scan system., A scene generated from such a display would be satisfactory
as a moving window Msplay, where the stored information would be updated at each

completion of a laser scan,

In order to be displayed, the informatfon on each line would be put in storage and refreshed
at an output rate commensurate with the color display sweep period. It {s assumed that the
period of the laser line scan {s in the order of 20 milliseconds, the same information is to
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-rate-is-well-within existing -state of the 4%, A7D cotiveTsiop téchniques.
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be displayed in 8 usec at & video bandwidth of 60 MHz, This infers that the required band-
width of the laser video signal need not be aver the order of BW = g—c%% = 24 kHz, This

|
|

This bandwidth assumes that there will be a 1-for-1 relationship between a horizontal scan
on the displa,yv with one scan of the ground. For jmage recognition, an expansion

ot magnification {8 usually desired. An enlargement of 10 to 100 could take place

and g1l be {n an accepted input video rate of 2,4 MHz. Linearity and deflection

rate errorg would begin to significantly affect the reproduced image unless electromechan-
ical compensation were applied.

Although the slow scan is apnlicable in real time aircraft applications, o secondarv con-
version may be more desirable, auch as conversion from film to raster, Here, a high
speed laser scanner would find application, Rotating systems wouid replace the galva-
nometer driven type. These laser scanners are within the existing state-of-the-art, The
laser spot sweep rate to match the digplay rate, {8 still not within the capability of trade,

however. These scanners would operate by scanning a film transparency. The trans-

Dkas O G s Bed BB DD

mitted light density is related to the sweep for position, A photo detector senses the trans-

mitted light and a video signal is formed. An apparatus that scanned sequentially as in the
test bed, would offer the best interface device.

] SFany st

LLLTV and TV Cameras. Although the targets are of different intensities compared to

conventional television cameras, the output signals and scanning rates are essentially the

e e

game, Signal to noise considerations limit the upper limit line rate that can be used in a
camera of sequentlal mode. Investigatione into utilization of sequential cameras {ndicated
that a present upper limit would be near 600 lines resolution at the fleld rate of color dis-
play. Camera tubes are such that the video signal suffers from small signal to noise
properties near this rate, Thus a sequential camera system does not exist to directly
interface with the display.
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10.3 mFORMT{ON RECORDING

i ‘Ma@etic Tape, The fécordmg of video sig‘mﬂa on magnetictipe foqﬁirésr more fhan’juét R

an extension of the techniques ule-d in: audlo rmordirng. The high-frequenoy limit of a
magnetlc tape recorder is & function of the head gap und tho tape epeed, With a practical
head gap, the high frequencies of TV signals necessitate high tape speeds.

To solve;this problem of high tape speeds,. Ampex,,m,lsée,, developed a technique known as.
transverse scanning. 1 With this approach, 2-in wide tape 18 moved past the record/play-
back heads at either 15 or 7-1/2 in’'s, The record/playback head, however, is actually
four heads mounted on a revolving drum, The drum rotates at virtually a 90° angle to the
path of the tape, This techrnique produces an effective head-to-tape speed of about 1,500

in ‘s and allows recording of frequencies of up to 5 MHz.

Helical scan recorders also use a head (or heads) mounted on a rotating drum, In this caase,
however, the drum rotates in the same direction as the tape, which is wrapped diagonally
around the drum, The video information {8 recorded as a serles of dlagonal tracks, with
each track containing one TV frame. The helical scan recorders do not have the bandwidth
capability of transverse recorders,

Arvin Industries has experimented with a longitudinal recording system, This corresponds
to audlo recording, where the tape {8 moved past stationary heade, Even with a tape speed
of 100 in ‘s, however, the frequency response is only about 1,5 MHz, This means a rather
severe limitation on picture quality and a high tape consumption,

Figure 98 depicts the various magnetic tape concepts described above,

1'I‘he Flectronic Engineer, February 1871,

i )




Gue
Video t

Ao
léch

120wy -—g’o{{‘ -

Guord bont
(10-mds goch) ~
Certrot trogh -

- e

4 bonds ($-mes wrde) o
races (10-mily wigq) 7

/

jast 20

Tape Molon ———=p

AT

,g)_h}‘“ll

U SRR
—xu—r'nrrl—,——-n—;-:*",—A;;.r'" o I l :
Cve teach e T

Transverse soanned tape.

ALdig
.

Vo€J2 Train

AT
L

T e

LIintry

Hetc ol scanned tape.

—~AUDO cueng Reads

Ovrection of
1300 trare, —
> A
! < { \l{ﬂ

<

(
Jr—

~ Hga3 motor

f
L

“=Sync head iliaeg!

Traneverse scan recording.

Rofgting reca grum
,"’_——\

» -

: °
i Feed e T
| "o ;

‘ 2 Foued syn-

|

cueng

aAg Qw2 N334

Hellca! scan recording.

Figure 98 Magnetic Tape Recording Methods*

*I'he Electronic Engineer, February 1971
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Video Discs, Storing video information on discs is not a revolutionary development, As

= aarly 2818987, 97 L Buird succedefally recorded o vides signal on & 78-tpm phorograph =~
. record. The recorded signal, however, had a bandwidth of only 5 kHz.2r~ R R oy P

5

=
ing video signals on dises which produces quite acceptable black-and-white TV pictures. t

oy
“! |
; L

—

Teldec (English) and A.E.G. -Telefunken (German) have demonstrated a system for record-

Theyv also promige that by the time the svstem becomes available commercially in 1972,

it will have color capability, )

—
|

The svetem, known as Video Disc, uses either 7- or 12-in. flat discs which give 5-12 min,

plaving time, The discs resemble phonograph records with two very noticeable differences.
Made of 1-mm thick pve plastic, the grooves of the record attain a density 10 times that of a
standard phonograph record. The system hasg a 2 Mllz video bandwidth or about 250 lines of

horizonial resolution--ahout average for a home TV receiver,

The signal is astored as a hill-and-dale modulation on the top ridges as opposed to the lateral

wor side-to-side) modulation in ordinary recording, To overcome the problem of inertia in
the pickup at these high frequencies, the svstern uses a diamond stylus attached to a piezo-

ceramic pressure transducer. Instead of sensing motion, the pickup senses minute pressure

variations as the pickup travels over the ridge.

During playback, the stvius does not uge the groove walls “o track across the disc. Instead,

the directly driven pickup arm maoves exactly one groove during one revolution of the disc,
Thia technique allows verv small tracking forces (0,02 g) promising long record life.
Figure 99 depicts the video disc recording method,

How can these devices be used as successful interfaces wirh the color display ? To help
realize a satisfactory solution, a large capacity refresh memory must be discuassed.

:T?:e Elecironic Engineer, February 1971
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|
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AIR CUSHION

The pickup shown here s tne secret to playing back wvideo
ygnals from the disc. The diamonc stylus flattens the high
spots on the qisc. When a high spot reaches the trailing
edge of the stylus. 1t springs tack 10 its original shape. This
generates 3 minute shock wave which 13 sensed by the
pidz0-Coramic element and converted into an sactrice! tignal.

Figure 99 Video Disk Recording™

10.4 MASS MEMORY RETFRESH SYSTEMS

Philco~-Ford has designed and fabricated a 9,000,000 bit MOS refresh < mory complete
with output serializers and computer interface,

Ag described in Section 6.0, the display svstem requires a serial data bit rate of 258,2 MHz
to maintain a 1024 x 1000 visible lines non-interlaced field with a refresh rate of 3 x 60 =
130 flelds per second,

Provisions are also made to operate the system at a bit rate of 129, 6 MHz to maintain a
1024 x 500 visible lines interlaced field with a refresh rate of 3 x 80 = 180 fields per second,

Figure 100 shows a block diagram of the masgs memory and interface svatem.

*The Electronic Engineer, February 1571
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This system consists of five functional blocks which are described as follows:

a. High speed D/A converter
b. Serializer

c. Mass memory

d. Input controller

e. Sync and timing

Due to the fact that memory capacity and 1/O data rates are all determined by the display,
it is more meaningful to present the description sequence with the output device (high speed

D/A converter), and describe in reverse order the other major sections of 'the display.

10.4.1 High Speed D/A Converter

The video system accepts low level information from a high speed 3 bit D/A converter.
This converter is capable of converting digital data into analog data at a rate of 260 Mb/s.
The 3 bits conversion provides 8 different intensities for each of the red, blue and green
components,

The design approach of the converter is shown in Figure 101. A 3-bit binary word is re-
clocked into three MECL III flip-flops at a 260~MHz rate. The output of the reclocking flip-
flops drive three individual bit sources which sum into a common 75-ohm resistor. The bit
switch is comprised of two emitter-coupled pairs (Q]_Q2 and Q3Q 4) as shown in Figure 102,
The function of transistors Q1 and Q2 is to square up the output of the MC 1670 flip-flop that
has typical rise and fall time of 1.5 nanoseconds. The output of Q1 and Q2 has a rise and
fall time of 1 nanosecond and a voltage swing of +0.4 volts around ground. The transistors
arc type 2N5841 and have a gain bandwidth product of over 1 GHz. The output of QIQZ
drives the emitter-coupled pair Q3Q 4 The emitter currents of the bit switches are set

in a binary fashion. The output is a constant current which, when switched into a 75-ohm
resistor, has a rise and fall time of less than 0. 8 nanoseconds and aberrations of less than
one-half bit as shown in Figure 103,

(2. is a compensated zener diode and QG ia a buffer that scts one side of the bit current re-

g

sistors R] , Rz, and R,3 to approximately -7.7 volts independently of supply variations. Q

i= alsn a zener diode and Q8 and Qq make up a buffer that feeds a positive current through
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© - 210,42 The Serializer -

To provide 3 bit paraliel data load to the D/A converter at a data rate of up to 260 mega
words per second, a serializer has been developed to interface the mass memory with the
**** ~D/Aconverter,  ~ T o

A block diagram of one channel of the selected 3-channel serializer design is shoun in

Figure 104, In this design the 32 input lines are split between four S:1 mulitplexers. These

four channels are then multiplexed in groups of two through two additional levels of multi-

plexing. This reaylts in a final ratio of 32:1, The advantage of this type of serializer mech-
anization is that the §:1 multiplexing level operates at 64~MHz clock rates that are compatible :
with low-cnat ECL logie families, Since the bulk of the aystem circuitry is concentrated in

this low-gpeed level, the remalning high-speed logic will occupy a small amount of hoard

space, J

A simplified schematic of the first level multiplexing stage (38:1) /s shown in Figure 103, j

Four circnits, (as shown in Figure 104.) comprige the comyplete first level that multiplexes

the 32 inputs to one channel onto four output lines,

The serializer recefves its input data as differential signals on twisted-pair l.nes from the 1
masgs memory. These signals are received and translated to ECL logic leveis by differential 1
receivers, The output of the recefver 18 stored in a 4-bit storage regiater whose output i
gcanned by a 4:1 multiplexer, The outputs of two such multiplexers are then aiternatelv
selected by AND OR selection gutes and loaded into the output flip-flop. The clock signal
@C is uged to load the output flip-flop and clock the counters which select the data lines to

be used,

A timing analysis was performed using the worst case propagation delays for the circwt ele-
ments over the expected operating range of 0°C to 75°C. Propagation delaya, due to capaci-
tative loading of signal lines, were not included in this analvsis. The timing diagram for
the 2:1 multiplexer i shown in Figure 1006,
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" ing in 4 128: Mz oUipit'data Tate, Two silch élrédlts comprise the second level, A timing

The second level of multiplexing {s performed by the simplified circuit as shown in Figure
107. In this circuit the output of two of the 8:1 multiplexer stages are multiplexed, result-
analysis was again performed as shown in Figure 108. The resultsof this analysis indicated
that under the worst case allowed the data arrives at the output flip-flop 0, 1 ns prior to the
rising edge of the clock, Since the flip-flop requires a maximum of 0.5 ns of setup time on
the data input, it can be seen that the data would be 0.4 ns late. T‘ypiba.l cirecuit delays are
algo shown in Figure 10-¢. Because of the large difference between the typical and maximum
delays, it was decided to accept this design because of the minimal riek. ,
The third and last level of multiplexing is performed by the simplified circuit shown in Fig-
ure 109, In this level the outputs of two second level multiplexers, signals DA and DB’
are multiplexed together to become the output of one of the three separate 32:1 serializers.
The output data rate i{s 260 MHz. The timing analysis of the third stage serializer {s shown

in Figure 110,

The principal problems to this point have been the testing of many possible loglcal Imple-
mentations using each ECL logic family produced by Fairchild and Motorola. Onme of the
~ 15 difficulties encountered is that each ECL family has different signal levels and noise

marging and are not compatible without level shifting which reduces the noise margins., The
design presented here uses Motorola MECL 10115 receivers and the first stage i8 implemented
with rairchild ECL. Level shifting of the MECL 18 required to maintain noise margins at
some decrease in circuit speed, However, this {s acceptable since the data rate and timing

at the recefver Interface allow sufficient data settling time.

The second stage uses MEC 11l and MECL 10000 components which are directly compatible,
The interface between the firat stage and second atage logic {s accomplished through a
MECL I line receiver, Thia interface matesa the Fairchild ECL with MECL logic at a cost
of only one loglc element propagation delay. The delays incurred through the high imped-
ance level shifting networks introduce considerably more delay. The second and third stages
are directly ¢ompatible aince they are MECL III logic,
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MASS MEMORY

“The funéton of the mass memory 16 15 61ofe an assembled cbl6r imapé frameé andto repeat-
~ ~edly refresh the sequential color display at a rate commensurate with flocker free - - -

presentation.

A display having a resolution 1000 lines x 1024 bits with a 3-bit intensity control for each
primary color, reguires a memory with a storage capacity of 9 x 106 hits.

The memory is arranged a3 three 3-million bit memories, one for ecach primary color.
Since the color flelds are displaved sequentially, the outputs from these three memories are

multiplied onto a common output bus,

Each of the color memories again consists of three one-million bit memories, one for each
bit of intensity, This one-million bit memory becomes the basic refresh element. It is con~
figured as an 3 K x 128 bit memory and assembled with eight S K x 16 bits MOS Refresh
Memory Cards, This memory card permits up to three one~million bit refresh memories to

be assembled in each basket, or one bit of intensity for the RG and B color components,

Since the refresh memory card {8 a major memory subsystem by itself, the operation of the

mass memory 18 best understood by describing the basic memory card in detail,

10.4.3 MOS8 Refresh Memaory Card

The basic refresh memory card is configured as an S K x 14 bit arrav of 123 1024-bit AMOS
shift registers. In addition, the card contains 18 MOS clock drivers, a quad input multi-
plexer, a 18-bit input buffer register, four output gerializer stagesa, and six differentizl

interface circuits for input and output data,

A bloek diagram of the MOS3 refresh memory card {8 seen in Figure 111, and a schematic
diagram in Figure 112, A photograph of the prototyvpe card {8 shown {n Figure 113, This
card 1e packaged to military specifications using a double alded 4 x E UPT printed circuir
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wiring board. A clearance of 0. 15" from edges to nearest traces allows it to be used with
low profile metal retainer rails. Maximum height of assembled boards without sockets is
0.45". Card files with 27 slots on 0, 6" centers may thus be used, permitting three one-

million bit refresh memories to be assembled in a single 19" x 8. 75" basket.

Circuit Description

The refresh memory circuits and their operation is described with reference to the schem-

atic diagram in Figure 112 and the tiniing diagram in Figure 114.

MOS Shift Registers. Each of the 16 registers consists of 8 Intel 1404A MOS dynamic shift
registers connected in series, The 1404A requires two clocks, 24 and 0o+ Data is shifted

one bit on each clock pulse on either phase. Due to on-chip multiplexing the data rate is
twice the clock rate.

The input to the shift register is driven directly from the input buffer register flip-flop
SN74S74. This flip-flop enables the MOS register to recirculate data when a recirculate
clock is applied, adding one bit of storage to the eight 1024-bit MOS registers.

Updating of the MOS register is accomplished through asynchronously setting or resetting the
SN74S74 flip-flop. Output data to the serializer stages is taken directly from the buffer
register outputs, thus enabling new data to be displayed as it is written into the MOS registers.
This feature becomes an important diagnostic tool when the memory is used for refreshing
CRT displays.

The MOS shift registers are capable of data rates up to 2 megabits, limited primarily by
power Jissipation on the card which at that speed totals 40 watts, A one-million bit refresh
memory configured as 8 K x 128 and operating at 2 megabits bit rate, will provide a 256~

megabit video signal when its outputs are serialized into a single video bit stream.

Input Buffer Register. This register consists of eight dual D~Type flip-flops, U10 through

U17. Data is assembled in the 16~bit buffer register and then dumped into the MOS registers
on the first MOS clock pulse., Data is written into the register through two data inputs and 2

three bhit address during parallel mode, and through a single input line and a four bit address

224
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during serial mode, The addresses are decoded by U6 through U9 which will set or reset
the proper ﬂip ﬂops. These circuits are I_ntel 3205 l of 8 decoders employiug SChOtk‘v h‘pe

‘ated by the data inputs, write enable inputs, and the half enable inp'utE. Half enable serves
as the fourth address bit during serial mode.

The quad fwo-input multiplexer U3 selects between serial and parallel mode of operation
through the "serialr mode select” control line, In serial mode the buffer register is oper-
‘ated as a single 16-bit register, while in.parallel mode it functions as two 3-bit registers,
one for each data input line.
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MOS Clock Drivers, Each clock driver provides 16 1404A MOS registers with one clock
phase. A total of 16 clock drivers are required per card., The 1404A capacitive load {8

—wu

made up of the 140 pF clock capacitance and the 16 pF clock-to-clock capacitance. For 16
1404A shift registers total load on a clock driver amounts to 2500 pF maxdmum,.

A circult diagram for the clock drivers {8 also found in Figure 111. The clock driver consgists

el e

of an SN74300 gate driving a 2N2906 and a 2N2222 transaistor in push-pull. The clock lines
are thus clamped to -10 volt during a clock pulse, and to a level one diode drop below -Vece
during the interval between pulses., This satiafies the high voltage level requirement of

Vee 0.3 -1 volt for the 1404A clock inputs, It 18 important that the clock lines are clamped
firmly to the high level to prevent cross-coupling between the clocks through the 256 pF

clock-to-clock capacitance,

Output Serjalizer. The function of the serializer located on the refresh memory card {8 to

reduce the number of outputs per card from 18 to 4 in order to simplify wiring within the re-
fresh memory rack and to reduce the number of cables required for data transmission to

remote displays. However, this increases the maximum data rate per output by a factor of

S B T R )

4 to ® megabita NRZ, or t MHz. Such a bit rate {8 still low enough to allow data transmission
over 1000 feet of balanced cables.

The serlalizer consists of four i-bit ahift registers U22 through U25. These are the
SN7495A high speed registers capable of shift rates in excess of 35 megabita. The serializer
may be operated as four 4-bit registers, two 8-bit registers, or one 1€-bit regleter,
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Serializer timing is shown {n Figure 114, Data may be loaded duri.; the Hme interval :
between recirculate clock pulses. Inthe diagram the "output loed' pulse is generated '
- - ---irom the two MOS ologks.- Bhifting of the qutput data:coouns on the positlye golng edge of . . Lo

- ' The outputs are transmitted by the SN75110 balanced line drivers U26 and U27. Inhibit lines E,

the output clock. All four gm'puta are shifted simultaneously.

are provided for each output g8 well as a mastey inhibit, Qutputs are enabled when inhibit 7
lines are high. The {nhibit functions enable multiplexed operation where serveral memories g
are sparing a commeon output bus.

! Operational Modes
i The refresh memory card has two modes of operation, serial and parallel, A one-niiilion
bit memory operating in serial mode may be updated through a single data line, while in
E parallel mode it will be updated through a atandard 16 bit data interface,
Selection between the two maodes {3 providad by the input control "gerial mode relect,"”
E A logical """ operates the card {1 serial mode, while & logical "1 switches it to a parallel "
mode,
10, 4.4 Input Controller
E The input controller provides the interface between the Input device or sensor and the mass
memory. Each {nput device requires a unique controller, Depending upon the input device
E or sensor, the controller may contain another memory {n order to improve the excess time
E of the overall systam,
When diaplaving a 1000 line {nterlaced field, the maximum random excess time of the
? mass memory 18 3 msec, and the average random excess time will be 2 maec,
|
i ,
l



When high speed input devices are used with storage und syne oapebilities, excess {imes of

9.5 rg,}crosqcondu can be achieved, Due to the vﬁde rm:p;__of input devicas. a.nd £0nSOTS

77777 Ty T

presently on the market 1 separate paragraph is uaed to describe the p-oteﬁﬂal capabﬂitiea o

and the problem areas of the mass memory Luterﬁlce with other input devices,

The following description of the PDP-11 interfgce.with the maas memory reflects the inter- -~

{ace presently being {ncorporated.

-10,4.5 -PDP-11-Input Controller

The PDP-11 input controller provides storage for a 16-bit output word of the PDP-11 comput-

er. Data {8 being transferred one word at a time from the computer to the mass memory,

Figure 115 shows the block diagram of the input controller interface. The device contains
2 storage registers. One 18-bit storage register for data transfer and one 18=bit Btorage
register for address storage and transfer are use,

Data may be transferred with 16 bits at a time. 13 bits of address are used to address the
3K memory, Three bits of address are used to select the 18-bit word location in the 128
bits wide memory and 4 bits to select one of the nine 1-million bit memories, .

Data and address transfer between the PDP Il and the input controller are controlled by the
MSYW and SSYW control signals, This interface {# based on the basic request ‘acknowledge
principles, After data ts transferred from PDD I to the storage regisier, the controller

control logic will raise the Input Data Request hine and place the data and address on the data
and address lines respectivaly,

The 13 bits address {8 compared agninst the 13 bits address counter in the Symc and Timing
logic, When a comparison has been reached, data will be strobed {nto the mass memory
input register and an Input Data Acknowl. dge (IDA) will be sent to the Input controller, When
this IDA 18 recelved by the controller logic the output data request line (SSYN) will he raised
again to request a new output dats word,

—— [, -l
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As shown in Figure 115, the data and control lines cutputs are all connected to a buss,

.. .Thbis approach will simplify expansion of the number of fnput coptrollera, . - - .

~ The PDP-11 input controller is built on two 4 x E/ UPT wire wrap cards, These two cards

are located in a basket which also contain the sync and timing loglc.

10.4.6 Sync apd Timing Logic

- The sync and timing logic controls the sync of the data flow from the input controller-to the

CRT display. Figure 100 shows the control signals between the {nput controller, refresh
memory, serializer and the sync and timing logic. All control signals are derived from
the 4.0578,1 MHz load clock received from the serializer. Figure 118 shows a block
diagram of the sync and timing logie,

Each 3-million bit memory has {ts own address logic. During the time that one 3-million
bit memory refreshes the display, the other two 1-million bit refresh memories are oper-
ating at half speed. The purpose of this approach {s to minimize the power dissipation in the
memory basket, By halving the dissipation on two of the three 1-million bit memories

the power will be reduced by 1 3 per basket,

Storage of new data from the computer into the memory is accomplished in the following
manner, Whenever data is ready for storage in memory, the address is placed on the ad-
dress lines and an Input Data Request (IDR) is generated. The sync and timing logic will
compare the 13-bit address from the input controller against the address of the correspond-
ing memory counters, When the comparator detects identily, the memory s ready to accept

data in the memory location as specified in the ad.ress,
When a valld compzarison is made, an Inpur Data Acknowledge (IDA) {8 generated and sent
to the input controller. After detecting the IDA, the input controller strobes the data into the

input register of the mmass memory.

The sync and timing logic also generates the horizontal and vertical sync pulse and the red
fleld pulse,
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Figure 117 shows the timing disgram for the éync pulses of a 1125/2 Jine interlaced

! colored field, For each three vertical sync pulses, one red field pulse is generated, To

L_.ﬁ.h __-arrive.at the correct sync-wave.forms, the-total number si-lines-for non-interlaced-scans -

are defined in one primary frame as the odd number 1125, - However, the number of visible

lines are 1000 while 125 lines are blank and occur during vertical retrace.

The total number of lines for interlaced scans are 1125/2 lines and the number of visible
lines are 500,

Theretore, the horizontal line rate for the non-interlaced scan is:

3 X 1125 x 60 = 202,50 scans sec

The horizontal line rate for the interlaced scan is:

3 x1125x 30 = 101,250 8cans sec

The various types of sensors or {nformation storage devices intended as data sources for
the color faplay are described {n Section 10,2. A aummary of these senaing devices and

thelr video frequency responses are listed in the following table.

Device Type Bandwidth
MH:z
MH:z
Video Discs < 2 MH:z
LLLTV & TV Cameras <32 MUz

—

Laser Scanner

wn

Magnetic Tape <

ro

The camera bandwidths exceed the 3 MHz data rate capabtlity of the Jdesign originally - -
templated, The interface design described will be based on the 5 MHz capability.

A block diagram of the sensor-to-refreah memory interface design 18 shown in Figure 1183,
Only ~ne of each tyvpe of senaing device {8 shown. However, the number of {nput channels
coulit easily be oxpanded merely by adding muitiplexer channels,
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Parallel input capability of gll channels is achieved through sequential addressing 1

- multiplexer, incrementing-the multiplexsr addrass for each-frame procesaed; By -stopping
-the multiplexer at the desired channel and holding it indefinitely, sequential inputs from the
same gensor may be accommodated,

Inputs to the display may be either interlaced or non-interlaced. The display will reformat
both types into sequential color interlaced video frames for display presentation by storing
one field in each half of the RGB refresh memories.

H and V drives, blanking, and sync signals could be made available from Sync and Timing for
use with any of the four types of sensors., Where self-contained sensors are used, the res-
pective input controllers will receive separate sync lines from the sensors. Phase-locked
loops wil) be required in each input controller to ensure 1024 A D conversions per horizontal
line., The input controller in turn selects and inputs 3-bit words to the RGB refresh mem-

ories,

In order to maintain a 1-for-1 relationship between horizontal scans on displayv and sensors,
the refresh memory during the write mode {8 glowed down to match the apeed of the sensor.
It also follows that there will be a 1-for-1 relationship between vertical scana, Since the
display utilizes 1000 visible lines of resolution in two interlaced fields for each primarv
color, sensors with resolutione of less than 1000 linea interlaced and less than 500 lines
non-interlaced will only partially fill the display. On the other hand, senscrs with higher
resolution will lose the lines exceeding the capability of the display,

10.5.1 Data Samglmg

In order to determine the conversion speed requirement for the A D converter, the errors

associated with aampled dats systems must be analyzed.

The sampling theorem states that in order to reproduce a band-limited signal fd' the
sampling frequency fs has to satiafy the relationship fs > 2 fd' The video signals received
from the sensors are not band limited, but may be assumed to have a high frequency roll-off
of 8 dB octave, Thusg the video aignals will be contaminated with high-frequency noise com-

ponents giving rise to aliasing errors if sampled at 100 low a rate,

[ 2]
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The frequency at which f = fs./z is called the Nyquist pole. Any data beyond the Nyquist

pole is irretrievably lost and normally should be prevented from causing a;iditional errors
“through aliasing, This could be accomplished by installing a pre-sampling filter with its
“ corner frequency set at the Nyquist pole and with'a very shérp'c'u‘cr-off.' T T e

Graphs of aliasing errors for various sampling rates ire shown in Figure 119. The errors

are based on a data cutoff rate of 8 dB/octave and on the assumption that all signal com-

W Lo
L
BERNTTS POLNET L opaeTyy

ponents past fd represent noise.

For an aliasing error to be commensurate with the 1 2 LSB quantizing error of a 3-hit A D
converter, it should not exceed 6,257, Extrapolating sampling ratin from Fizure 119 for
this error vields a value of approximately 20, A 5 MHz video signal will therefore have to be
converted at a rate of 100 x 106 conversions second to achieve a combined aliasing and
quantizing error of less than 12,57,

Another source of error which is extremely important when sampling high-frequency signals

is the error associated with the aperture time of the A D converter, or a sample and held

clreuit preceding the converter. Since most high-speed A D converters emplov parallel
conversion, i.e., all bits are determined simultaneouslv, sample and hold circults are not

required. The aperture time in an A D converter is the time {t takes to perform a -ommplete

conversfon, which in a parallel converter becomes the skew time between the fastest and

slowest bits,

Nt o

Aperture errors are plotted as a function of aperture time and signal frequencles in FTigure

120, In order to Hmit this errer to 6,257 at 5 MHz, the maximum aperture time allowed i

{s found 1o be 2 nanoseconds.
10,53.2 A D Converter

. . - 5
The fastest A D converters avallable today have conversion rates in the range of 10-15 x 10

conversions second. Such instruments have resoluations of 6 to = bits and accordingly are

slower than thev need to be for 3-bit applications, American Astrionics, Inc, has é, 7 and

=-hit converters at 1u AMw a3 which arart at £5, 375, while Datel Syatems, Inc. has an s-bit
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- Extrapolating further, the digitizer will have an accuracy of 2 LSBs at 40 MHz video and

Asdd

converter at 15 Mw/s costing $1,195, These converters are too siow for converting
5 MHz signals with some degree of accur&cy.

- -An A'D converter, or digitizer, which is {deal for sequential color application is deplcted -

in Figure 121, This 3-bit digitizer will track video signals up to 20 MHz with a maximum
error of one LSB. At 20 MHz the minimum time required for a sine wave signal to change
by an amount sgual to the LSB is°1 uancsecond, This means that the LSB wiil toggle at a
maximum rate of 500 M’z whick is compatible with the MECL III logic used,

4 LSBs, or 50%, at R0 AMHz.

This digitizer has two modes of operation, It can track and digitize an analog signal con-

tinuously, or it may be switched to a hold mode which holds the digitized signal indefinitely,
Aperture time in hold mode is typicallv 1 nanosecond,

The keyv to this digitizer is the MECL I1! comparator latch device which offers high input
impedance and allow offset voltage of 5 mV. For a 1V videc signal this offset represents

an error of onlv 0.5, The reference voltage \'H s get equal to the full scale of the input
signal,

Data may be written into each refresh memory at a maximum rate of 20 Mw s, or 50 nano-
geconds per 18-bit word, It takes 18 A D conversions to assemble one word, The required
conversion rate to fully utilize the speed capability of the refresh memory 18 therefore

16 x 20 x 106 = 320 x 106 conversions =econd, which is within the capability of the des-
cribed 3-bit digitizer, Recalling that a sampling ratio of 20 would Hmit aliasing erros to
less than 1 2 LSB, {t may therefore be concluded that video signals up to (320 x 106 20

16 MHz may be quantized with total errors of less than one ISB,

10,5 SUMMARY

escribed previously in this section, the present system ig designed to interface with o

A
PDP-11 Computer. However, provisions can be made to in erface with other {nput devices
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by adding other input controllers to the input data bus. Other devices which were discussed.
for updating the mass memory are:

Laser scanner. - - - - —— -~ -~ T N
LLLTV & TV Cameras

Magnetic Tape recorders

Video discs

s & o

Each device cperares at data rates which in most cases rgquriirieﬂardded izu@ferriing and format-

" ilng to mateh the iuput speed requirements of the mass memory.

¥ dala is Deing siored at random intervals, memory access times of max, 4 to 8 msec must
be allowed depending on the scanning speed of the input device,

When a laser scanner i8 used a8 an input device with a scanning speed of 60 fields ‘sec
instead of the 180 fields ‘sec rate of the mass mcmory display, a 1 megabit random access
memory color is recommended to srore 1 fleld of data for input tnto the mass memory., It

{s assumed three laser scarners, each with a color primary, are used, This approach up-
dates ‘h2 mass memory without loss of data and aléo maintains a maximum scanning speed

of the mass memory display, A less expensive approach can he used by decreasing the
scanning rate of the mass memory display to the same speed as the scanning rate of the lager
scanner, This will however decrease the qualiry of the display,
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CURRENT DIVISION BY AN EMITTER COUPLED PAIR
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CURRENT DIVISION-BY AN EMITTER COUFPLED PAIR

Consider the emitter coupled pair QA, QB. It will be assumed the transistors are matched
and operate at the same temperature,

|
1 ]
CB
{ o |
QA , a8

lEA EB

+ . — ——— .

VA o QB

The emitter currents are given by

o)

where
q = electrondc charge
E = Boltzman's constant
T = junction temperature (absolute)

© = base to emitter voltage

245
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- -~ ~With this aasumption

It will be assumed that @4 and ¢p are much larger than k_;I (at room temperature lﬂ[ ~ 25
mv). ' ' ' ' '

The ratfo IEA to IEB is then given by
.IE_A.. oy 9 - ah e 9 v VB
IEB Xp %T (@ = 2b) - Lkpﬁ { A - )
Noting that IEB = I’T - IEA we have
IEA g
-, - {e“’m & A -\B)}

which gives

L

e

[e] . .
Tea [ &pgr ity -y
1+exp£T v, - Vg

This ratio is denoted », and

Ipa = "1 lpg = =M1

The factor ~ depends on the differential bage voitage, \'% - \'B, and the temperature.

1o
b
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where
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3.

~ CATHODE RAY TUBE, DISPLAY PERFORMANCE =~ .. . =

1

SPECIFICATION

3.0 REQUIREMENTS

Description and Intended Use. - The CRT shall be a 5-inch

_ diameter projection, high resolution, high brightness cathode

ray tube with a clear, non-browning, ground and polished flat
faceplate., The CRT will be used in a prototype experimental
model of 2 1000 line, 1000 element per line fleld sequential
color television monitor. The field rate for the monitor will

be in the range of 150 to 180 fields per second. Modiflcations
to the CRT will be considered when overall system performance
can be improved.

3.2 Mechapleal, -

3.2,1 Faceplate Requirements, - The thickness, refractive index
and dispersion index of the faceplate must be specified by
the vendor at the earliest possible date =0 that they may be
included in the optical design calculations.

The surfaces of the faceplate must be flat within . 005 {nches
RMS and be parallel within 0, 005 inches,

3.3 Electrical. -

3.3.1 Electrical Design. - An internal spark trap shall be used to
minimize potential arcing damage to equipment.

a. Focusing Method Magnetic (or electrical {f
recommended by vendor)

b. Deflection Method Magnetic

¢. Heater Voltage 8.3 Volts

d. Heater Current at 6.3 0.6 + 107 Ampere (Nominal)

Volts

e, Phoaphor (Note 1) Aluminized special Tri-Color
Mix

f.  Overall Length 21 Inches, Maximum

oL 8118 a&ds
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3.3

g

i.

- -3 3d-feomtinued) . - - - e -

Maxdmum Accelerator - 80,000 Volte - -~ -+~ — -

Voltage

Faceplate Thickness 0.220 = ,030 Inches

(Bubject to Discugsion)
Deflection Angle 46 degrees
Maximum Qutside Diameter 5.428 Inches . S

Minimum Useful Screen 4 3 4 Inches

Diameter

Typical Operating Conditions. ~ Operation shall be as

follows’

a.

b.

g.

Accelerator Voltage 40, 000 Volts

Grid No. 1 Voltage
(Note 2)

=80 to ~110 Volta

Line Width (Note 3) (Typlcal) 0,003 Inch

Modulation (Note 3) 30 Volts, Maxdmum
Spot Dosition (Note 4) Within a 3 8" radfus circle

Light Output (3.1 x 3,1"
1000 line raster)

(Note 5) 10, 000 foot~lamberts,

Accelerator Current Approximately 2000 uA

Operational Notes, - External conductive coating must be

grvounded,

NOTE: 1, The phosphor to be used is discussed below,

2. Visual extinction of undeflected, focused spot,
3. Measured at minimum specified light output,

4. With the tube shielded against extermal influences,
the underflected and focused epot will fall within a
3 8 inch radiug circle concentric with the tube face
center,

6. The area brightness is measured using a 15 min-
ute aperture of a Prichard Meter.

wUL-0728 4By

251




The subaontractor shall conduct a
aft program to select a suitable

phosphor mix pvocessing the following characteristics:

Color

~ White Brightness

Mix*
Red Phosphor
Green Phosphor
Blue Phoaphor

Aluminized €creen
Desired

Wkhite (Tri- -color).

The phosphor will be formulated to
mstch f§eld secuential primaries for
{lluminant C (R, G, B rativ = 0.150:
0.79:0,080*)

10,000 foot lamberts at writing speed

"of 290,000 inches per second with sim-

ultaneous requirement that line width
not exceed 0.003 inches. (Test con-
ditions 3.1" x 8, 1" raster, 1000 lines’/
frame at 180 fields per second).

1500 foot-lamberts 630 Nanometers
7900 foot-lamberts 530 Nanometers
600 foot-lamberts 470 Nanometersa

Decay Characteristics

(Persistance)
Red
Green
Blue

Color Linearity

Lifet!me

Down to lf'*" within 5,5 ms
Down to 17%** within 5.5 ma
Down to 15:** within 5,5 ms

Phosphor response shall be linear with

iaer -.ng beam current; i, e., the white

sutput shall remain balanced from 0 to
10, 000 foot-lamberts,

With a 0% duty cycle, the desived
phosphor lifetime to 50 initial bright-
ness {7 2000 hours or more

* The brightness of the Red, Green and Blue phosphors will be measured
through Phileo-Ford supplied filrers,

** Phosphore down to = 107
attainable,

fn 5,5 ms may be acceptable if others are not
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COLOR PROGRAM COPY




10 REAL Yo Y4 ZFiS R XT Y
20 DIMENSION X(82),Y(82)
I0 DIMENSION JS(3)+XB(3)
40 FILENAME FILTER, SPEC
50 34 D0 % 131,88 T
60 F(liysd,00
70 S¢lys0,00
80 R(1)s0,00
2908 CONY!NUE : S S -
100 PRINTI® SPECTRUH?"
110 READ1 SPEC
120 READ(SPEC, M4y (JS(1), 1oy, 2)
130 BEGIN FILE SPEC
140 B4 FORMAT(I!X,1%,13)
150 J1%(U5(1)=375)/8%
160 X19(JS(2)=375)/8ey
170 JsJi
‘ 180 KKy
R 190 READ(SPEC,9%)(8(1),mJL,XY) .
s 200 BEQGIN FILE SPEC '
249 PRINTIM FILTER?, 4, 0" .
l 220 READ 96.,L
232 (F (L) 48, 4%, 49
240 49 PRINTI®™ FILYTER NAME?"®
{ 280 ®EADs FILTER
t 260 READ(F{LTER,84)(KS(1),191,2)
270 J2m(KS(1)e~ 375)/5
f 280 K28 (K§5(2)12378) /5y
; 268 LaK2ayg
300 READ(FILYER, O8Y(F (1Y, 1842,L) :
- 340 2EGIN FILE FILTER ’
{ 320 Gco YO 80 1
! I3C 45 DO 410 (mJ,K
340 F(lyme
! Isp 19 CONTINUE
! 380 80 CONTINUE
I70 OEAD(MMIXT,81)(X(]), 18,81
L J89 81 FORMAT(4x,F6.4)
] 390 BEGIN FILE ®M]x"
400 READ("MIX",82)(Y(]),18¢,81)
, 440 A2 FORMAT(L1X,F8,4)
' 420 REGIN FILE wr(xnm
435 READ("MIX®,833(2(1),181,81)
440 GEGIN FILE "HMIX™
; A5° 83 FORMAY (18X ,F¢,4)

ataleatniih
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hi

440
470
480
490
800
840
480

690
700

710

720
730
740
780
760
770
780
790
800
840
820
839
84n
850
860
879

95 FORMAT(4X,F5,2) L
¢ FORMAT(IYY 7 - ’

COLOR3 (Contd)

XTe)

YTa)

17s0

JIsJed

DO 20 =07 K

RilyaS(l)er(l)
XTeXti=tiwR(t)exT

YraY(lat)oR(I)evY - - o S

I8l ([=1)8R( )27

20 CONTINUE

TEXTeYTVe2T

PRINTI® YTgm, y?

Yesxt/Y

YCsYT/Y

lcezt/Y

PRINT 30.,XC,¥C,2C

20 FORMAT(™ XCORRa™,Fd4,3,.4X,"YCORRE",F4,3,4X,"2C0RRs",F4,3)
WRITE ("ROUT™,40)(R(T1),18J,K)

40 FORMAT(FS,2)
PRINTI™ NEW AUN,8,0"
READI M2

IF(mM2) 33,33,34

33 sTCP

FND

L Ly L ke b M B G bed

L T VO,

|
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- data, The outputs of the program are the chromaticity coordinates of the spectrum resulting

COLOR3 PROGRAM INSTRUCTIONS

The COLOR2 Program accepts as mputé relative energy spectrum data and filter transmission -
from filter and input spectrum and a quantity '"YT' which is proportional to the luminance of
that spectrum, The program is written in the Fortran IV computer langusge. '

The program is used by logging onto the GE-615 timesharing system and then calling old

program COLOR3. The data for the spectrums and filters must be entered into the computer
before running COLORS,

If data has been entered per instructions below and COLOR3 is loaded, tvpe RUN and supply
Information when asked for by computer,

Entering Spectrum and Filter Data

Data for either spectrums or filters is entered in format shown below. Minimum wavelength v
--330nm, maximum wavelength--730nm |

380b780 Starting wavelength (®)lank stopping wavelength

(b indicates a blank).
330b0, 12

All numbers of this form must enter data in 5nm steps

Data s read in FORMAT 4x, F4,3),

Notes

The product of a ftiter and a spectrum specifled during 2 run of COLORJ can be obtained by
the command LIST ROUT, The values printed coriespond to the Snm increments and limits
of the input spectrum.

The ideal bandpass filter has 100°- transmiasion in the bandpass, infinitely steep sides and

07 tranamission out of band,




S »F'lprl” Y

140

TREAL X2,XR,Y2,YR,L2,LR

CPRINTY » Xys,Yis, L1

REAL X3,x2
XEsl
YRse?®
X2e0
LRsO
Y280
Lend

READI XR,YR,LR
J4 PRINTI™ X28,Y2s, 28"
READI X2,Y2,L2
Kis(LR/YR)/(LR/YRe2/Y2)
K2 (L2/Y2)/7{LR/YR_L2/Y2)
XReK{iaXReK2aX?2
YRasK1eYReK20Y2
LRs_R*_L2

PRINT 31,XR,YR,LR

J1 FORMAT (" XRs"™,F4,3," YRes",F4,3,% LRs",F8,4)
PRINTt ® ANOTHER COORDINATE,1,8T0P 0"
READ1 M2

IF(M2) 33,33,34

13 sToP

END

262
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XYL INSTRUCTIONS

S The XYL program accepta the'x, y chromaticity coordinatés and the Tunifidntés of twe ¢élore,
--——and-computes the luminance and chromaticity of an additive mixture of the two,- The program
is written in Fortran IV, '

E Enter the program, type RUN, and supply information when requested by the computer. After
L two seets of coordinates have heen entered, the program computes the resultant and then

T

requests another coordinate. If zero i{s entered for stop, the program terminates. If”onier is
entered, then the program requests another set of X2, Y2, 12 data where X2 ig the x chroma-

ticity coordinate, X2 is the v chromaticity coordinate and L2 is the luminance.

Ty
|

The new resultant is the additive sum of the previous resultant and the new color., In this

way anyv number of celors can be additively mixed and the chromaticity »f the mixture deter-
mined,

Input Data Format

The program will print:

Nl=, Yl=, L1=
| The operator enters the x,v chromaticity coordinates in the format shown:

[ 0.603, 0.343, 100

f The auceeding color data are entered with the same formats,

} 263
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RATIO

10 REAL X,Y,XR,YR,XG,YG,XB,Y8,FR,FG,FB

18 REAL NUHoDEN

18 PRINTI® SUM COORDINATES,X,Y"

19 READ! X,Y

20 PRINTI™ XRs,YRs"™

21 READ! XR,VYR

22 PRINTI™ XGs,YGa"

2y READ! X6,YG

24 PRINTI" XB-.YB-"

28 READY XB,YB~ T ) T
40 Dl(!RO(YG-YE)¢XGO(YB YRYeXBa(YRaYG))aY

€0 FRE(YR/D)&(Xa(YGaYB)e¢eXGA(YE~Y)eXBoa(Y=YG))
60 FOR(YG/D)#(XRe(Y=YB)eXa(YB=YR)eXBa(YR>Y))
70 FRe(YB/D)e{XRe(YQ-Y)eXGR(Y<YR)eX®(YR=Y())
80 PRINT 3¢,FR,FG,FB

90 331 FORMAT( ® YR/vYs",F5 3," YG/Ye",F5,3," YB/Ys",F%,3)
o8 PRINTI™ NORMALIZING FACTOR,NUMERATOR,DENOH™

96 READ] NUM,DEN l

g

100 FRa FRe{NUM/DEN)
110 FQuFGe (NUM/DEN)
120 FEYFBe(NUM/DEN)
\ 130 PRINTI® RATIOS,RED, GREEN, BLUE"
140 PRINT! FR,FG,F8
150 END

T
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~ Ratio i3 a Fortran IV program whﬁicfhﬁcf:alcu@ateﬁss jche ratos of the,luminanceg:. o{ §hr99

e o 2 A A

RATIO INSTRUCTIONS

known

primaries required to match a specified set of chromaticity coordinates.

To use the program, enter the program statements into the compm si, type RUN, and supply
tt > data requested by the computer,

“Input Data Formats

The program will print:
XR=, YR=
The red chromaticity coordinates are supplied:

0.638, 0.343

The other coordinates are inputted in the same format when requested.

The output is printed:

(]

Yy
- XXX, <2 = XXX

|

v
TBzXX_‘(.

where YR Yis the ratio of the required red luminance to Y, the total luminance of the three

‘rimaries added tcgether,

The program then prints;

NORMALIZING FACTOR, NUMERATOR, DENOM

This factor i{s entered in sequence: numerator, then denominator. For example, if we want~
ed to normalize the ratio of the YG Y to find the number of green footlamberta to match 400

footlamberts of the resultant we would enter:

400, 1

285




And the program will print out:

I

NUM
Y X DENOM

_ " ... VWhere each printed quantty is a new number
- YR NUM Y
i Y * DENOM
266

— o BATIQS, RED, GREEN, BLUF
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20 REAL X,Y,Z,F,8,R,Xx
o __30 DIMENSION X(82
E 32 DIMENSION NO(B2)
40 DIMENSION JS(3),KS{3)
E 50 FILENAME FILTER, SPEC
% 59 DO 5 luy,8%
70 F(ii=sd,n0
80 Sc¢1's0,00
90 R(])s0,00
: . _10h S CONTINVUE
104 34 PRINTI™ SPECTRUM?I™
102 READI SPEC
110 FEAD(SPEC,B84)(JS(1Y,1ny,2!}
111 BEGIN FILE SPEC
1397 84 FORMAT(13,1X,13)
140 J1s(JS(1)=375%5)/5
180 vi1s(JS(2)=37%)/8e}
1897 JUsJi
% 179 vaKi
180 READ(SPEC,98)(S(1),!sJ0¢,KY)
18% 3EGIN FILE SPEC
190 PRINTI™ MULTIPLYING FACTOR®
t 190% READy W
320 Tz sl
I3& PO 24 13JT,K
f 340 R(1)RR({II*S(|)aW
1857 24 CONTINUE
360 0 29 1s1,81
376 SC1)s0, 00
1 380 29 CONTINUE
540 98 FORMAT(4X,F%,2)
( 7¢L PRINTI® NEW RUN,TYPE 1,8T0P,TYPE 0"
{ 742 READI ™2
713 JF(M2) 33,33,34
720 33 DO 31 1si,81¢
{ 725 tQ(1)8380eBe(]=1)
730 31 CONTIMUE
740 WRITE("ADD", 40)Y(NO(1=4),R(!),182,82)
} 745 40 FORMAT(13,4X,F%,2)
188 cND

R
]
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ADDER INSTRUCTIONS

ADDER is a Fortran [V pregram which 1 essentially a modification of the program COLORS.
The program permits the point by point addition of any number of phosphor or filter spectra
where the values of the spéctra are specified at 5 nanometer intervals over the range from
380 to 730 nanometers. The spectra to be added together must be inputted to a file with the

~data format specified in for COLORS data. The spectra data is then given a name and stored
in the program working area of the computer so that it can be accessed by the ADDER pro-

ram,

b

Input Data Format

The program will print: SPECTRUM

The user then (ypes the file name of the previously stored spectrum data,

] Example: GSPEC

The program then will print: MULTIPLYING FACTOR

The user inputs a multiplving factor.

Example: 10,4

1 The zpectrum GSPEC {8 row only multiplied by 10,4 at every data point,

The prograin then rypes: NEW RUN, TYPE 1, STOP, TYPE O

If »ne wants only 1o scale the GSPEC, he tvpes 0 and the new data will be written into a

remporary file named ADD and the run terminated. Later, the temporary file ADD can be

<stored by performing a permanent command under a2 new file name,

[ g~
[sx}
g
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If 1 is entered, the program again types: SPECTRUM ' |

_l The user types the file name of another spectrum data file, ;_j
’ 3
Ef - Example: RSPEC S - ' 7 - I 7?-%
E The program prints: MULTIPLYING FACTOR : 1

The user inputs a multiplving factor.
t | r
' Example: 5.0
|
The program again asks if it should continue or stop. -

[ -
( .
Anyv number of spectra can be added with any multiplying factor for each spectrum. Again,

" when 0 is sperified for g'op, the sum of the spectra is written into the temporary output file
ADD, and the program terminates, This file can be made permanent a3 noted above, The !
{ data saved for the above example would be:
] 10,4 X GSPEC - 5 x RSPEC = ADD r
i
{
: )
! r
| ;
269




10
20

39
40
59
60
79
80
90
100
110
129
1310
140
159
160
161
162
163
170
184
185
190
201
219

SHIFT

DIMENSION JSC(2).N(82),5(82)
FILENAME OLD
PRINTI" FI_ENAME?®
READ:Y OLD :
REATIOLD, 11 JS(1),J5¢2
BRINT Y QLD LImlTS"
PEINT) JS(1y,Ju8(2)
PRINTI® DESIRED SHIL*FT,+ QRe- Nmn
READ) X
11 FORMAT(13,1X,13)
JSU1Ys S (1Y ex
JSU2Y3 S (2)ex
Jis(JS(1)=3785)y/5
Kis(JS(2)=37%)/8
READ(OLD, L2 (NCTY,S(1), 1adt, X1
12 FORMAT(13,1x,Fd,2)
0 25 1=:J1,K1
ST YEN(] ) ex
25 CONTINUE
WRITE(MRSWIFT®,44) JUS(1),J48(2!
RRITE(NRSMIFTN 423 (N(TY,S(1), 1841, KL)
PRINTI® JQUYFILE NAMEZRSWIFT®
44 FORMAT(IZ,1X,13)
42 FORMAT(13,1X,F4,2)
ENT

L3v]
-1
o
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“BHTFPTINSTRUCTIONS =~~~ = =~ S B

SHIFT is a Fortran IV program which permits & previously inputted filter spectrum to be
shifted any specified numher of nanometers toward the longer wavelengths (+) or toward
‘the sborter wave lengths (~). The filter s+ - ~ and bandwidth are preserved as the filter
i shifted,

Iﬁput Data Fbrrmg_'f_s

The program will print: FILE NAME?

The user then enters the file name of a previously saved filter spectrum,.

Example: BAUGRN -

{ The program then printa: DESIRED SHIFT, + OR - NM
]
, The user then specified a shift which {8 an integer and is a multiple of 5 nanometers,
guch as 5, 10, 15 nm, ete.

Example: 30 }
5 The computer then prints: OUTFILE NAME - RSHIFT l

| This indicates that a new temporary file with the name RSHIFT has been created contain- o
’ ing the shifted ftlter data. This temporary file must be changed to a permanent file and M

| kiven a new name before the programn is used again for other data. If this {s not done, the
nexs run of shift will cnain more data onto the file RSHIFT and this new data will be in-

i accessibie,

sl




MIX

This data 1s the values of the X, y, 2 distribution coefficlents at 5 nanometer intervals.
This data must be entered and gh'reny the file name "MIX' to use the program COLORS,

"3 &
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MiX

38t n,t014 (,0000 0,0048%
8% n,0p022 £,0001 0,010%
l9m n,0042 0,0001 0,.820¢
395 n,0076 0,0002 00,0362
4pr 00,0143 00,0004 00,0879
495 n,n232 45,0008 0 ,1102
44F 0,043% 20,0012 0,2074
41% 10,0776 09,0022 0,.3743
420 N, 1344 00,0040 00,6458

|
b | 425 r.2148 0,0078 1,039¢ )
] h 438 10,2839 0.0116 1,3856
] : 435 00,3285 0,0168 1,6230

44n 1, T4RT 00,0230 L,747¢
445 0,3481 0,0298 L,7826

- | 45n n,3362 0,0380 {,7721 ‘
l 4B% 0 3487 0,0480 1,744L .
i 460 0.2908 0,0400 1,6692 g
46% N,2511 0,0739 1,%28¢
’ ' 475 C.195%4 02,0910 1,2876
F { 475 0,1421 0,1126 1,0419

480 0.0056 0,1390 0.8430
48% 0, 0580 0,1693 0,6162
1 490 1, 0329 0,2080 0,48%2
! * 495 0,0147 0,2%86 0,3833
1 S00 n,N049 00,3230 0,2720
f 50% 60,0024 0,4073 0,2123
1 5408 0,0093 0,5030 00,1582
54% 0,0291 0,6082 0.,1147 !
520 0.0633 0,7100 0,0782 :
£2% N, 1096 ¢,7932 0,09873
530 0,16%% 0,8620 0,0422
538 1,22%7 0,9149 0,0298
%40 0,2904 (0,9%40 00,0203
54% 0, 3%97 0,980 00,0134
58 N, 4334 0,99%0 0,000
ss% ~, %121 14,0002 0,0087 ;

o = e

———

S6n 0,%94% 0,9950 06,0039 -
S48 0,6784 0,9786 0,0027 LA
S70 0,7624 0,9%20 0,002% *

E 578 n 842% 0,9154 0O,0048 )
580 ¢.9163 0,870¢ 0,0017 |
5% . 9784 0,816 0,0014 ]

59n 1.0263 06,7970 0,001
98 41,9567 0,6945 0,000 4

| 607 1.0622 0,6310 0,0000
60% 1.04%6 0.5668 00,0006

I




Al

640

645

620

625
53N
&35
640
4%
481
58S
640
bo%
470
LT R
48N
585
690
495
70n
708
710
745
720
725
30
735
740
T4%
Ra-1a
78%
760
768
770
778
780

4+ 7026-0 ;5030

N.,938¢ 0,442
A 8844 0,380
h.7514 59,3210
D.642% 70,2650
0.%449 0.2471
D,447%9 00,1780
N, 3608 0,1382
n,2835 0,1070
0.2187 0,0816

0.1649°0,0610 0,0000

,1212 00,0448
n,0874 (0,0320
N,08636 00,0232
0.0468 0,0170
nN,0329 00,0119
02,0227 00,0082
hL0L58 00,0087
2,0114 00,0041
n,0083 00,0029
0,00%8 00,0021
h.N0044 00,0015
p,0029 00,0010
f,0020 00,0007
fLO0L4 0,0008
0.0010 0,0004
60,0007 60,0003
r,000% 00,0007
r.0003 0,0001
r,.0002 00,0001
fL0002 0,000
n, 0004 00,0000
nLegel 20,0000
2,0000 0,0000
n,o000C 00,0000

050003 -

0,0002

0.0002 —

0,0001
0.0000
0.0002
0.0000
0,0000
80,0000
20,0000

0.0000
0.0000
0.0000
0.0000
0,0000
0.0000
0.0090
80,0000
90,0000
0,0000
0.0000
80,0000
0.0000
0,0000
0,0000
60,0000
0.0000
80,0009
0,0000
29,0000
60,0000
0,0000
0.0000
0.0000

MIX (Contd)
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GSPEC o : - : -~

ﬁ GSPEC and RSPEC are the green phosphor and the red phosphor spectrum data used in :
& specifyving the color wheel filters and the CRT phosphor ratios for the proper performance.

PRSI
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GSPEC

5%¢
1.00
o1

:

?

San 630
%40 N, 0S5
£4% 0,00
! gn n,00
588 0,00
560 0,00
S6% A, N0
578 0,00
57% 0,00
Sac 0,80
8% 00
Eon 0,00
598 (0,25
600 0,00
605 0,00
610 0.N0
&1 n,27
620 0,45
62% 1,00
830 0,29

!
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LENS ACCEPTANCE TEST REPORT

EFFORT FOR 707: FROM
40 MM RADIUS TO CORNER,

n
: = -~ DATASHEET - - = oo e g
! — | | 3
REQUIREMENTS NOMINAL IOL, MEAS, :
g OBJECT SIZE 30 MM x 80 MM (NOM) 20 x 80 )
IMAGE SIZE 356 MM x 356 MM (NOM) 356 x 355
RESOLUTION 18TV LINES 2 50 MTF (MIN) See MTF
E ' S S curves
, TRACK LENGTH 930 MM £50 MM (NOMI 950 MM
L APERTURE (F NO.) 1,0 (NOM) 1.0 by
FIELD FLAT design
[ FIELD FLAT (NOM) See MTF
curves
E DISTORTION 17 MAX PINCUSHION, (MAX) -1,: by
: OR 57 MAX BARREL design
7.8 AXIAL TRANSMISSION 707 WITH A GOAL OF 50 MIN) 765
l 7.0 AXIAL TRANSMISSION SAME AS 7.8 MINY 76"
(OPTIONAL)
I 7.10 RELATIVE ILLUMINATION 707 UP TO 40 MM RADIUS (MINY 837 @
! OFF -AXIS WITH BEST 40 MM
|
!

WITNESSED BY . INSPECTED BY':
PHIL.CO-FORD) (DIFFRACTION OPTICS)

| -
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The work coversd {n this report was intended to explore preliminary designs and

hardware implementation which would vield results to aventuyally provide a satis-

factory design for a real-ctime improve color display.
The furndavntal concept used in this work is not new. The sequential color approach
usel was first introduced by CBs over 30 years age. The unlqueness of this approach
involves the use of this concept along with projection optics to achieve significant
advances in the displav area of high resolution. coler purity, and brightness while
inherentrl Laving perrect registration.

The display development included the achievement of significant advances in the
areas of optical design. CRT phosohor, specialized deflection, and video circuit
Jestgns. This report surmarizes the results of these developments and subsequent
evalutaion. Informaticy was derived, as a result of the rest bed that was dev-

eloped. which outlines a Jdesign capable of possible utilization a5 an airborne
cslor Zdisplav.
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ance with appropriate security regulations.

2b. 'GRCUP: Automatic downgrading is specified in DoD direc-
tive 5200.10 and Armed Forces Industrial Security Manual. Enter
the group number. Also, when applicable, show that optional

markings have been used for Group 3 and Group 4 as authorized.

3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifica-
tion, show title classification in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporiing period is
cavered,

S. AUTHOR(S): Enter the name(s) of the author(s) in normal
order, €.g., full first name, middle initial, last name. If military,
show grade and branch of service. The name of the principat
author is a minimum requirement.

6. REPORT DATE: Enter the date of the report as day, month,
year; or month, year, If more than one date appears on the re-
port, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page vount
should follow normal pagination procedures, i.e., enter the num-
ber of pages containing information.

75. NUMBER OF REFERENCES: Enter the total number of
references cited in the report,

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
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8b, 8¢, and 8d. PROJECT NUMBER: Enter the approptiate
military department identification, such as project number,
task area number, systems numbers, work unit number, etc.

9a. ORIGINATOR’S REPORT NUMBER(S): Enter the ufficial
report number by which the document will be identified and
controlled by the originating activity. This number must be
unique to this report,

9b. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originator
or by the sponsor), also enter this number(s).

10, DISTRIBUTION STATEMENT: Enter the one distribution
slatement pertaining to the report.

Contractor-Imposed Distribution Statement

The Armed Services Procurement Regulations (ASPR), para 9-203
stipulates that each piece of data to which limited rights are
to be asserted must be marked with the following legend:

‘‘Furnished under United States Government Contract
No, . Shall not be either released outside the
Government, or used, duplicated, or disclosed in whole
or in part for munufacture or procurement, without the
written permission of , except for:

(i) emergency repair or overhaul work by or for the
Government, where the item or process concerned is
not otherwise reasonably available to enable timely
performance of the work, or (ii) release to a foreign
povernment, as the interests of the United States may
require;, provided that in either case the release, use,
duplication or disclosure hereof shall be subject to the
foregoing limitations. This legend shall be marked on
any reproduction hereof in whole or in part,'*

If the above statement is to be used on this form, enter
the following abbreviated statement:

“Furmnished under U. S. Government Contract No.______ .
Shall not be either released outside the Government, or used,
duplicated, or disclosed in whole or in part for manufacture
or procurement, without the written permission of ,

per ASPR 9-203.°'
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STATEMENT NQO. 1 - Distribution of this document is unlimited.

STATEMENT NO. 2 (UNCLASSIFIED document) - This document
is subject to special export controls and each transmittal to
foreign governments or foreign nationals may be made only with
prior approval of (fill in controlling DoD office).

(CLASSIFIED document) - In addition to security require.
ments which must be met, this dbcument is subject to special
export controls and each transmittal to foreign governments or
foreign nationals may be made only with prior approval (fill
in controlling DoD Office).

STATEMENT NO. 3 (UNCLASSIFIED document) - Each trans-
mittal of this document outside the agencies of the U. S.
Government must have prior approval of (fill in controliing
DoD Office).

(CLASSIFIED document) - In addition to security require-
ments which apply to this document and must be met, each
transmittal outside the agencies of the U, S. Government must
have prior approval of ([ill in controlling DoD Office).

STATEMENT NO. 4 (UNCLASSIFIED document) - Each trans-
mittal of this document outside the Department of Defense
must have prior approval of (fill in controlling DoD Office).

(CLASSIFIED document) - In addition to security require-
ments which apply to this document and must be met, each transe
mittal outside the Department of Defense must have prior ap-
proval of (fill in controlling DoD Office).

STATEMENT NO. 5 (UNCLASSIFIED document) - This document
may be further distributed by any holder only with specific
prior approval of (fill in controlling DoD Office).

(CLASSIFIED document) - In addition to security require-
ments which apply to this document and must be met, 1t may
be further distributed by the holder ONLY with specific prior
approval of (fill in controlling DoD Office),

11. SUPPLEMENTARY NOTES: Use for additional explanatory
notes,

12. SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (paying
for) the research and development. Include address,

13. ABSTRACT: Enter an abstract givinga brief and factual
summary of the document indicative of the report, even though
it may also appear elsewhere in the body of the technical re-
port. If additional spuce is required, a continuation sheet shall
be attached.

It is highly desirable that the abstract of classified re-
ports be unclassified, Each paragraph of the abstract shall
end with an indication of the military security classification
of the information in the paragraph, represented as (TS). (S)
(C), or (U).

There is no limitation on the length of the abstract, How-
ever, the suggested length is from 1580 to 225 words,

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloyging the report,  Key words must be
sclected so that no security classification is required. Idens
tifiers, such as equipment model designation, trade name,
military project code name, reographic location, may be used
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