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SU4MARY

Thia poaper dogcribics some of the fundamental performence mad design parsmeters that should be
connidared For the aucecessful evelution and integratioa of @ now Eype of helmee mounted display CHMD)
system intended for use in militsry sircraft cockpite/simulstora. It is called a virtusl panoramic
display (¥FD). The parasmeters discuseed include Field-of-—view (FOV), cxit pupil, imags quality, eye
raliaf, collimation, alignment, size, weight, ayotem intepretion issusa, and several others, Fot the
Eirar rime the ssapciated helmer aysteém irg conaidered ag an integral subsysteém that must ba designed Eo
support the requircmenta of che HMD. Trade-pffs relating te the intended VPD spplicatiens (i.e.,
ceckpit simulstore/rotary wing aivaoraft), EXD deeign and its impact on the associabed image source and
display electeonics ace discoszsed, Design Lszues and consideralbions are developed primsrily frem the
viewpoint of the VPl system integrator.

INTRODUCTION

A vittwal panaramic display (VED) iz o subuvers of heloet-mouwnted diasplay eysteme (systemz being a
key word) that provides the pilot or operator with 8 lsrge inacancanepus field—of-view, whese displayed
loformacion has been opganized both Etwperally and spatially to mazimize the effectiveneas of the
men feachinge inrerface and, therafore, maximize cpevarionalfeitvarisen swavenesa [05]. The VED aystem
concept geoks to optimize its electromic interfaces with the airerefe or siomlater system and the
human's cognitive and seneery systema. The concept becomea an application-specific design problem
involving not only the VEU hardware Ltself, but the design snd operstiomal specificstions af all ather
hardware aubaystems with which it muat be intarfaced. In thie paper, discusaion will include only the
VPD wisual aubsyacem havdware whose mgjor compoasnbs dre oublined by the basvy dotted line in Fipure L.
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FIGURE 1
CEHERIC VPD SYSTRM AARDEARE BILOCE DIAGRAM

The VED visusl subeystem includes & binacular display whose visual Fields are sither fully ar
partially overlapped, permitting, if deaired, the presentation of eferepacopic lmages. The hinocular
opeica are driven by ministure cachode-ray-tubes (CRTS) of an advoaneed dosign., The optiee and CRTs ave
intagrated into a cuatoo bhelmeot syetem. The CRIs ave interfaced to specially denipgned analep helmers=
mounted display electronics whnich "tailor' the displayed information to the voguirements of boch che
eptical amd CRT design. The analog display electronice accepts inpota Froo both external systes
aenpors and computer—gensrated graphics syetema, as well as A VPR praphices processor that supplies
applicacion specific, customized, Intcractive aymbelogy and grephica. The YED graphies processor may or
may not be present in a given VPD ayatem comfigurabion. ' Becausc the graphica procesper's impesce on che
helmet syakem componente iv minimal, its functioms will not be dincursad Turther,

As shown im Figure 2, the hesd mounted CBTa must dmage their vizuel information Eheouzh a sel of
relay optice, which may use fiber optice amd/or eonventiondl relrackive clements/priams/mirrors. 4
combiaer og cembiner/beamsplibter arcanyement that may or mey nor be part of the helmet wvisar, raflechs
lighe from the CRT and trane=ite the outeide acene. The ORTes and eptics are pact of an intepraced
helset system (TH3) Lhat maximizes opkical systeo stability/functionality on tha head, minimizes
medifications to the helmer/hesd weight =nd cerllter—ai—grswity (C&), and proteces che wester from
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hostile ambient environments. To accomplish these functions, the THS desipn must dee advanced
materials and structutes, and optimize adjustment and aligament hardware and carphons/micTophons f
oxygen mask components.
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FICURE 1
VED HEAD/VISOAL SYSTEM RELATIONSHIPS

This paper iP concerned primerily with asimulster and rotary wing airerafr applicariansg, amd
cherefore, the breadth of discussian is acmevhar :I[:e¢ir!.lir,t.dl .a.'ll.'hnugh much can be inferred concerning
tha design of such eystams for othar typea of mireraft. Defore discuseing design conpidersticons, it ia
worth noting why a binoculsr hesd mounted display mysten was eelected, ipatesd of a cochpit wownted
system, where weight/size limitatioms arc not neacly se severe. As Figure 3 shows, there sre a nunber
of design alternstives for a wida POV cockpit display system. A major goal of the VP was to maximize
situation awsteness regardlzes of cthe operstor's line-of-eight (LJ}S%. Thie can be sccompliched either
with a reduced inatancangouss FOV display thal is head mounted and wpdated rapidly, bascd upon head
ovientation and positiom, ar with an extrapaly large instentaneous FOV display thet is cockpit—mounced,

VPD SYSTEM
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|
I_l |__ﬂ‘ | [ 1
| [ |
HELMET REMOTE COMBINED CANOPY INTERMAL
IMAGE IMAGE COCKPIT AND/OR VIEWING
SOURCE SOURCE & HELMET WINDSCREEN SURFACE
: MOUNTED :

FIGOEE 3

VED DESLGH ALTERNATIVES

The choice botweenm theso mejor desigo altermatives was limited by 8 munmber of performance and

technalogy lssues.

Turing the early deaign stsges of the YPD program, it was decided that atersoscopic

cuas (using wisusl dieparity batwean the two syep) might aid the operster im ordering tha relative
From either & cofl ot perfoemance viewpaint, currest
technology does mot permit cometruction of either s cockpic-meunted or & combinetion cockpit/hesd
mounted system providing che sheove festurea, therafare these were eliminsced from consdidevarian.
Further, a wide OV heod-sounted display syscen ptilizing o remobe ifspge source, coupled to che head,

importance of cricical display infarmatian,
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using either refractive or fiber optic imape conduits, suffera from g pembor of severe design problems,
including veduced display reaclutionfcontrast, tha possibility of axcessively rigid and heawvy optical
conduits botween the head and cockpit, amd atray lighc. Therefore, & display configoration includiog
head mounted oprice and image scurces is the only alternative considersd hare. The reader should alao
note that, for the remsinder of this papew, the Eerm helmet mounted dipplay (HMD) will he usied
interehangeably with VP when roferring to the heloet mounted components,

YFD DESIGH CONSIDERATTONS

OFTICS

Teztbaoks and engineering handbooks List many design parameters sod sttempt to specify and
organize deaipn poremeters sacocisted with spricsl syacems, imeluding helmet mounted dieplaya (HMDa).
Table 1 depicts a réprésenbative list of paraveters and gensrslized numsrical figuresa—of-merit (FOM)
for esch parametar. Howaever, FMD deaign iz tightly coupled to the intendad application, and the use of
a genavalized table of parameter walues or generalized deaign spprosch will not usually lead to
satiafsctory resules. The ralevant technical lirerature alse provides scant help, snd there are meny
large gaps in applied vescarch chat, if available, might provide for becter orpanizstion of the desipn
approach. One sust, then, gather a8 wuch information as possible about the iotended applicstion and
syatem interfacez, and hope that the available techoology will suppart the development of aa adequaka
~desipgm.

TABLE 1
HHD OFTICAL STSTHM DESIGH FARAMETERIS

QUANTITY TYPICAL RANGE TOLERANCE
FIELD-OF-VIEW (INSTAN TANEOUS) 70" TO 120° HOR x 30° TO 60° VER NA
PUPIL SIZE

HELMET MOUNTED 10 TO 23 MM -1
EYE RELIEF

HELMET MOUNTED 35 TO 45 MM +3
FOCAL LENGTH 10 TO 20 MM NA
-NUMBER 07 TG 20 =-= 2
CONTRAST RATIO (APPARENT) 0.2 TO 0.80 £0.1
DISTORTION 0.2 TO 5% +1
ASTIGMATIEM 0.1 TO 1 DIOFTER +4
GHROMATIC ABERRATION 170 & ARC MIN 1
COLOR B/W TO FULL COLOR NA
CONVERGENGE 1 TO 30 ARG MIN +1
DIVERGENGE 170 3 ARG MIN +1
DIPYERGENGE 170 15 ARG MIN +3
DISPLAY REFRESH 80 TO 240 FIELDS/SEC NA

To procesd with bhe succssary system analyais, which oeganizes the celationahip aof the available
techoology bo the vequirementa of a specific appliestion, one must arrsmge the parameters liszted in
Table 1 in omler of importance. Due co the lack of definitive puidelines, this ordering ie often based
uspon experienca with ecurrent similar systems. lowewse, the choices are complex, bacawse of the various
posaibilicies of comstraining rha types of displayed infopmation for a given ser of sovivenmencal
conditiona, and than mizing/matching disploy components to support those constraings. An cximple of
such & scenaric, of which there are mesny, is as Follows:

a) Bequire chet, duriog the nigh smbient luminance af, daylight VPI} operation, the dieplay be
limited ca portraying vestor graphic stroke informetion. It can be refreched ac higher rakes and at
widar line widths thso raster information, to obtain waximum luminance’ contrtest. Thias strole-written
information is then averlaved om the awbient sceme background ueing @ ses—through display combiner.

b] Durleg night or low ambient Tuminance condieicns, permit the display of sensor or compuber
generated raster informetion with sdaguats contvast at lower maxiewn lusinince lavels. Thae aormal
ambient scene would then be veplaced with a seasor-produced reproduection.

The underlying issve of thisz emample ig Chal display contreer, amd thevefars, the human aperator’s
ability to seefuse the infurmation being delivered to him either day oz aight can be considered as oue
choice for the most impertant demign parameter. Thie contrast paremeter, them, drives all athers in
syalem desipns that are ulcimstely evolved apd built,

FPiguge & dopicks the principle deaign caregoriea of optical systews that might be exploiced te
implement a collimated eptical design euitable for wso in a ¥PD. These cstegories are delineatad by
the syatem's primary basic aperaling principle, reslizing that & particular design will combine moro
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than one primciple to pexinize parformence. For the VPD aystems covered im this paper, cnly systenm
typea 1 through & were finelly censiderad for hardvare loplemsntation,

OPTICS
UDLLIT‘IATED
REFRACTIVE CATADIOPTRIC LASER SCANNER
{1} (3) (5)
REFLECTIVE HOLOGRAPHIC MULTI-APERTURE ARRAYS
(2) 4 (&

FIGURE &
HATOR DESIGH ALTEERATIVES FORE COLLIMATED HMDa

The design precoss ie extensively modified, however, by the display hardware syatem's operating
modalities. These might renpe from a system that must petform Eheovghout Che rasge of ambiant
conditions, o o design Chat will permic zlteration of some of its components to match ite performance
to the sxrremss of the oparating enmvironmenc. Tuo ssparste designs, meank to accommodate separake
pecticons of Che eavironsental paramefer ranges might slso be ressonable. Given the many varied
opatational configurations for the VFD, only the ware aignificaut configuratioms and thelir asscociated
performance are discussed in this paper.

Table 2 liscs the syscems and approwimate walpes for some of the wore important characteristics of
ssch of the VED HMD opkicsl desipns, for which workimg halsar syates bresadboards weve fabricated.
Syatem | uwaing @ epacial version of the Fevrand Pancake Window, coplove & unigque combiner design to
wbbain extvedely large instankancous FOVe, albeit at the extreme spacrifice of light tranamirsion
efficiency. BSystems 2 =nd 3 are catadioptric eystems ueing & combinec/beamsplitter combimation to
obrain large FOVe with reduced weight sod ioproved, bot 5Uall low, light transmission efficiency.
Gystems 4 and I arc cssentislly refracrive vptical aysteme, using either a holagraphic ar aspheric
combiner mircor, that can provide vecy good light tranamiasion efficieney, but with incressed waighe
Eor POV comparable to gpetems I amd 3. This summacy is presanted hare so thet the raader may be
Familiar with aud refevence this table as the VED design considerations are coumerated snd explained
throughout the remainder of this paper.

TABLE 2
VPD HMD OPTICAL SYETEM CHARACTERISTICS SUMHARY

SYSTEM 1 | SYSTEM 2 | SYSTEM 3 | SYSTEM 4 | GYSTEM S
| FARRAND | ODS. | FARRAND | HUGHES | FARRAND
CHARACTERISTICS PANCAKE CATA- DUAL HOLO - OFF.
WINDOW DIOPTRIC MIRROR GRAPHIC | APERTURE
EXIT PUPIL ymm} 13 N 15 15H » 10V 115 !
MONRS, FOV (DEG) A0H = By S3H x a0 Gl = 45V BOH x 30V G0 i!?..ﬁ
TOTAL HOR, FOV {DEG) 120 76 50 B0 o
OVERLAB (DEG) 40 30 30 40 k'Y
EYE RELIEF (mm} a9 72 a2 a0 &0
POLYCHROMATIC MO sl YES NG N
CAT TO EYE TRANSMISSION 0.01C, D25C, a.0sc, 0.85C, 0.9C,
SEETHROUGH TRANSMISSION 0.03C, 056, a5c, o G
APPROX, WEKEHT OF QPTICS ASSEM. (gmi 4ANLES 25LEG 21WLEG BNLEG 480 LEG
INPUT FORMAT HOS. [rmim} 19 16 14 19 16
EFL {mm) 138 169 18.1 18.1 7.2

Cr= COMBINER REFLECTANCE
Cy=COMEINER THANSMISSION

SIZE OF FIELD-0F-VIEW {FOV)

Selecting this parsmeter is often the single moat impovtant decision that the svstem designer or
integrator must make, It ean have g major impact oa tha maximum obrainable dieplay combinar eontrast
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for a desired ambient tranamiosion condirion. Large FOVa mean more head=supported <oight, and
unacceptable modificacion of the military headgesr cencer-of-gravity (0G), less light transmission
efficiency from the image-nource—to-aye (ISTE), and, ultimetely, more severe porformance requircments
for the image source and it associated display electronica, Designers muet ususlly plsce greatest
weight oo the primary application for the syatem. [f the display system {5 (ntendad fov ground-based
ure in simulators or other aimilar functioms, thea tha designer may opt for the largest practieal FOV.
Large FOVs create s psooramic visual input and a feeling of being imsersed in the eovironmant or
situation being depicred. However, operational field use, particularly military cockpite, places s
premive on low welght, compactness, masintessnce of wision to the a=bient background under all head
eovenent snd aircraft scceleraticn cooditions, usable contrast for both the displayed and asbient
visual sticuloes, and survivability in hostile enviTronseanta. These coneideratioos drive HMD designs
toward amaller FOVe,

Figure 5 depicta the total inatantaneous FOV for the bonsan binscular visual systes, aver vhich the
instantaneous display FOV For ope of the largest binscular AMDs ever boilt, has been drawn. It ia
immediacely apparent that the instantanscus diepley FOV {120 degrees horizontal by 60 degreea vextical)
is such smaller chan that for umeided oycs, yet the diaplay ayaresm peeded to achieve such performance
iz already oo heavy for geneval wee in operstionsl rotary wing mircrafe. [t eleo suffers from very
low ISTE tranamisaicn efficiency, and thug either veey poor zea-through capability, sod/or very low CRT
contrast. In sddicional, the monoculars have bzen turned out, allowing only the aveelapping cencral
forty degreas of lhovizontal FOV to be seen by both eyes. Thie places severs constralnts on Both the use
of the optical damiga [01,20) and image source pecfarmance [18]).

70 NOMINAL FOV
RIGHT EYE
NOMINAL FOV
LEFT E\'E_\, S
N
ff 150 30 \
{160 20 \
f !
;l?ﬂ 10 \1
! |
I o o |
| I
Il|L 10 170 ',"
\ / .
&0 ] RIGHT
"'\M ,r" &\\ DISPLAY FOV
o/ 77777 LEFT
//A DISPLAY FOV
NOMINAL HUMAN
BINOCULAR % OVERLAP
OVERLAP FOV

_ Binocular optical desigos, particularly those esploying partiel overlap of their monocular FOVs,
demand compatible sapping achesea for the Jdiaplay syetem's resolution alements acresa their asgular
FO¥e [20]. For VED optical desigos, this vsually ceans that F-theta sapping is the preferred mapping
achese (whare the sngulsr dietribution of resolution elements becomes uniform), rather than F-tangent
theta or even F-sice theta mapping (whare there are axcess sngular cosolution ¢lesents at the odpas of
the field), For partially overlapped systems, F-theta wapping offexs the only practicul solublevm eo
matehing gesolutica eleoents for the same object at the edge of one eye/displsy mouceculsr field te
those thar will be at an alteroate, interior location to the Field for the other eye/display monscular
viewing the same object. F-theta oappiog also esses rhe difficulcy of the pptical design process,
allowing largar exit pupil sizés to be obtained for a givea POV [02,03), Tf & Full avarlap comditien
is wsed, it might be desirable to introduce spline distortion. For this type of wmappiog, wore of the
Teaolution olements are locdted in the center of the display FOV than on the edge, thus approximacing
more closely, the foveal/peripberal topology of the eva's rasoluticn.

For the conditions shown in Figure 5, the inbosrd —40 degree off-axis lpcation for the Tight eye
mogocular, represents the 0.0 degree Locatica on the left eye monocular, The implication of this Eascr
for the image source, is chat off-sxie performance must be very similsr to oo-axin performance, as the
ceneral viewing portion of the display represents an off-center viewing location on the GRT, as shown
in Figurse 6. Purther, to properly align the display farmste far the eyes, as well as coopanmats for
residusl optical distortion, the CRT imsge source, must have ite imagery pradistorted ©o obtain proper
perepactive and overlay of the left snd right eye display images. This is one teason why CETa are the
imags sourca of choice over solid stete image sources, becsusa their resolubion can be altersd or
sapped and i3 not constrained to the Cixed patterns, positions and sizes of solid state imape source
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resclution elements. Diaplay resolution and addressability issues celating o the use of HMRs in
vibrating envircoments, may alec be used as part of the total system snalysis, but these cousideratinns
play & such soré isportant rols in verrical POV zelesction,

—a0 DEGREE HORIZONTAL
FOSITION FOR RIGHT EYE OPTICS

RIGHT EYE CRT FORMAT
o~ RIGHT
\\ MONOCULAR
\
1

+.

e e e

/

J
i CHT QUALITY AREA
OVERSCANNED
0.0 DEGREE TAL ] HORIZONTALLY
FOSITION FOR LEFT EYE OPTICS

LOCATION ON CAT FORMAT FOR
"ETRAIGHT AHEAD" VISUAL CENTER OF QPTICS

OPTICS MONOCULAR FOV= B0* HOA x 80" VER
BINOCULAR OVERLAP FOV = 40°HOR

FICORE &
CAT FOEMAT FOR PARTIALLY OVERLAFPED WIDE FOV OFTICAL DESIGW

Anather imporkant civcumscance, affecting POV selectdon, [ bhe Ceequently levied requivenent Lo
have the senaer's FOV diaplayed in a direct 1=l mapping on the NMD FOV. An example, ie o FLIR ayateo
wich a 50 degree horizental by 37.5 degree vertical FOV, which must have the sawe apparenc POV whan
presented on the HHD, A requirement of Elds type for a panel sounbed presedtation weuld clsarly be
waived, becauvsn the resulting cockplt mountad display would be unacceprably large. Buch a design
Tequirement is feasible for the HMD which can have an angulsar subbenmse to the aye {appareot FOV) this
large [#2]. Further, if the display of mors than oné sensor imput ia required, and their sssccisred
POVs ave quite different, but their scan formats are siwilar, as iz wsvally the case, then a primary
sensor (normally the one uweed for pilotage Laske) must be chosen. The display ¥OV is them selacted tu
accommodats 1-1 mspping of the primary semsor's POV, Display mageification {or minificarion) must
usually ba accepted in snalog systems, for rhe diaplay of orher meosors' information, becsuse Che
dynamic range of Che iwage source cannot uweuelly support 1=1 sepping of all suasor precentations.

Hawing accepted this ceiteria, one must determine {ts impact. Setting aside, for the moment,
searor/diaplay syetem design issuen, the msjor design considevations become the scanning format, the
mober of pixel elements apread over the HAD FOV, and the scan Eoemat/pixel race capabilicy of the
image asurcé. & hypothetical sef of zensorfMM0 condiktions is depieted in Figures 72 and 7b." In this
oxample, a 4:3 aspace, 50 wx 37.5 degree sensor POV, with 750 visible scan lincs ond approximately
square pixels, is £o be pressnted wveing a 1-1 mapping of senacr—to-display vesolution elemente on the
HMD.  hssuming nighttime weilization of this sengor farmar and a aee—through cambiner, then the image
source cae be run st modeat luminsnce conditions. For these condiciong minifature CROE con achicwe 500
eycle (1000 pixela) par display wideh. Since the sxample acoser is providing 1000 pixels per line for
aimultanzans display, ice Eormat and the capabilicies of the CRT lmage souree dictate the mapping of
resolicion elénente and ulcimately the conditions for maximusm AMD POV, 7The two example condiricng ave
diagrammad in Figure 7.

Far the cendicions ehown in both 7a and 7b, cthe mepping of rasalution elements veflects bhat of the
sensor, while the overlap ¢ondition and the total number of sensor pixels displayed Ly the right and
Icfe eye imape sources, hse been chenped to achiswe differant binssular horizental FOVa Eoe the HMD,
Avea ABCD for both figures imdicutes the éntire binccular FOY that the CRT's addrossability/
tesolution performance can support, given the requirement for l-1 mapping of the sensor FOV onte the
HHD FOV. Area WXYZ répresents possible overlsp conditions that cthe BMD CATs can support for the given
toral sensor resolution sod the totalfoverlap FO¥e for the WHD. Aroas WWEZU and XSTY represent the
remainder of the sendor presentation, which can be seen by only the right or left cye. Aresan ABUD and
SBCT represent the remaining digplay POV, which the CRT's resolutionfeddeessability performance can
support for the staced drive conditioms.

In thosa portions of the instantsnocus diepley FOV, whare aensor information is mot diaplayed,
addirional peripheral motionfreference cues, such sa arcificial herizom lines, heading tapes, eotc.,
might be drewh during the wideo vertiesl retrace interval, if vector graphic stroke aymbalogy
capability is present. Whieh FOV condition is deaigned into the EMD is application=dependent, although
the preponderance of the eparee human factors dsta on thie Etopic socms Eo indicate that waximum

performance beaefits occur at 50-60 degrees, increasing ar 2 much veduced rate for atill larger FOVs
[12].
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FIGURE 7
SCAN FORMAT BELATIONSHIPS FOR EYPOTHETICAL SENSOR/HHD COMBLEATION

4 complenmsntary approsch bo ostublishinp horizental FOV allawing dircct analytical caleulariocn ias
to base the FOV determination on tha overall sysbom resolukienm [16]. The relaticnehip shown in
equation 1, relates resolotion performunce of the miniature ORT imags saouree and the addrezeabla
resolution ele=eats availsble from 2 given imaging seasor. These relationships may be combined Eo
cialevlate the desired herizoncal POV for 1=l mapping of the eensor FOV on che HMD, Using equscion 1
and the ssruoed CRISaensor performance, the desired hovirental POV of the gseasor display is 50 degress,

Completing the decermination of the maximum display binocular POV, then reduces to computing the
amount of binocular overlap that is attainable. This can be computed vsing the Telationship shown inm
cquation 2 [16]. Using equation 2, one computes sm overlap FOV af 40 degrees, The compobed horizoatal
and owerlap FOV conditions, wsing buth relaticoshipn, conveniently ceaulta in a format very similar ta
that disgrammed in Figure Ta. Of course, & oizturs of the two approsches and widely dissinilsr aystem
conditiona, wight be combimed to yield significantly different resulta.



GRT FORMAT SIZE (mmj) x GRT RESCLUTION [ Ip/mm)

R e {mrad/DEG) X SEMSOR RESOLUTION { Ipimrad) (M

WHERE: ASSUMED
CRT SPOT SIZE = 180 MICRONS (0.019 MILLIMETERS) OR
25 LINE PAIRS PER MILLIMETER { Ipimm}

ASSUMED
CRT FORMAT SIZE = 19.0 MILLIMETERS

ASSUMED
SENSOR RESCLUTION = 0.57 LINE PAIRS/MILLIBADIAN { Ipdmrad)

EYE SEPARATION {mem)
2 % EYE RELIEF (mm) (2)

BINOCULAR FOV OVERLAP (DEG) = 2 x ARCTAN

WHERE: NOMINAL EYE
SEPARATION = 85 MILLIMETERS {mm) GIVEN 58.72 {mm]}
OF NOMINAL ADJUSTMENT

llaving an approach for derermining the vertical FOV ia also {mportant, espeeimlly sinee human
anatomical factors make vertical FOV mare difficult to obtain for pupil-forming HMD eystems [01].
Hooinally, the wonocular TOV will heve a %:3 aspect ratio, whose vertical FOV will be determined by its
horizontal FOV and overlap cond{ition, even though the total binoceular presentatios will differ
pignificantly from such an aspect ratip. Wewever, it is important to consider certaim othar ¢lesely
relaced technical factors whose origine are partially in che paychovisual demain and parcially in the
systen deaiguner's domain, The poychoviepal considerations pertain mee: importantly to the required
aize of the subtended sngle of diaplay resolution elemente Eo che eye when such imapery is wiewed in &
vibracing environoent [06). The bagic smmumption is that the wertical vibretion componsnt {norzally
heving as orientatico 2 pximately perpendiculdr to the TMD sean limgs), ie the largast and most
impartant componeat [06]. Here, the literature relating Co the viewing of HADs, during wibravion
suggests that acan lines should subtend an engle to the eye of % to & arc mioutes. Thia statesent oust
be viewed with ceution, sincc observer angulst resolution is dependeot om a4 nuwber of interrelated
factors, such oo display luminance and ¢ontrast which are mok always opecified with the daca, Im
addition, displsy opersting conditiona normally regquive chac CRT scan line width be adjusced so chac
the scan Line structure is nor wisible, However, sufficient dynomi¢ vanges should be permitted between
the minimum and maximues levsineance Levela, ouch that udable contrast is malnbained batveen adjoceat
pixels imaged at different luminsnce leveles on adjacent acen liness. Ta accomplish this geal, the
dizplay syetem designer needs to catablish an acceptable scon line mevge condition as ahown in Figure
B. The merge condition gelected ehould allow 9 ressonsble tradeoff of scan structure contrast and
vibration induced asrtifacta which affect visibility of the scanned image.
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FIGURE B
[HPACT OF MERCE POINT SELECTION FOR ADJACHENTY SCAN LINEE

The CHT bean width condirions depicted arve 12 - L4 microms at the 50 percemt response poimr. At
wvight, dieplay of senvor imagery at this conditiom ie earily supported by curvent oiniaturc CRTs.
Given the previous ¢xsmple conditiom of 750 viaible secen lines, the distance between scan lines has
been adjusted to 18 - 19 microns. Thia allows scan lined to subtend about I arc sinuces of visuval
angle for che 37.5 degree vertical FOV of the sxsmple HMD, which falla right between the 2 - & are
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oioute requiremcnt suggested in the litécature. Tdeal gaussisn response i portrayed, alchough, fov
some ministure ORTe, the tails of sach apot profile may, at certsin CRT drive comditions, extend out to
greater distanecs than indicsted here [08]. wWhen adjusting GRT performance and UMD FOV to mecch or
preserve moat of the imitial seosor performence, the designer vauelly wasta te imsure that the sean
line widtha snd merge conditions are adjusted to achisva sinimuem scan line structure modulation
contTast (SLBMG), when adjacent pinels on oadjacent sean lines are at pesk luminance. GComveraely,
paximum modulastion contrdst is desired berween sdjacent acsn limes, when every other scan line ia at
peak luminanes lavels and the adjacent piwels on adjacent scan lines are at their minimum luminance
lavel. Thees relacionships are shown, for two peparate merge condictioms io Figures 8a and 8b. A
reasonable design procedure is to select & POV and merge conditian where, with adjscent scan lines ac
full lvsinance levels, the SLSMC. is kept below Che human opérator’s viseal deémand thrashold For the
modulation contrast/resolution conditiona obraminable from the syste=m [see reference 23, (Pigure 29)].
It should be obvicus that the 40 porcent merge comdition vepresented by Figuce B comes closeat bo
meeting the stated criteria.

Finally, somerhing murt be said about attesmpting to predict the relationship between cotal
mticipsted veight for the HND optics and #OV., One predictor, sometimes esployed For this purposs, is
the Lagrsuge invarisnt [02] given by eguation 3. Tr exprasses & relationship for m constent level of

LAGRANGE INVARIANT = Q = (EXIT PUPIL SIZEf2)(FIELD ANGLEIZ) {3}

cooplexity, se FOV is reduced from some defined maximum, to obtain an estimate of the reduction in the
complexity of the mumber of HHD optical cloments needed in & speeific design. However, wany other
factora affect this relstionahdp, mueh as the basic optical design, inclusion of polychromatic versus
sonochromatic pecformence, imeage source format size, snd materiala, used in the design and fabrication
of an HMD. Thog, any uweeful geneval poppose relationchip is difficult to formulate, although, for a
gppecific desipn restvained to the ssme conditiona, equarion 1 can provide waeful predictive beachmarks.

DIEFLAY OVERLAF FOV

Awmong pereons involved in the use and develapment of binocular BMD systemns Chere 13 much
conteoversy about the amount of digplay oveclap Lo wee hetween the sonoculars, Figure 5 depicte a &0
dagree ovarlap condition for monoculara, with so 30 degres horizontal FOV, or a 30 parcent averlap
condition. The approximate theoretical waximuw For the eyes is 60 degrees. This condition might be
obeained with certain UMY designs L the tocal FOV, exit pupil, and eye relief conditions were
eptimized to support it. However, helmet slippape on the head, the requirement for eyeglass
compatibity, and theecefore greater aye relief, etec, make it JiEEicult ko obtain. Sxperionce with the
Farcand Pancake Wiadow simulator display system developed for the Visually Coupled Airborme System
fimulster (VCASS) fmeility, which can be adjusrad for fixed overlap conditiona of 20, 40, and 60
degrees, has provided subjective indications that a Jdisplay systos wikh more overlap provides a more
pleasiog panoramic display. Receat; but not yet published experiments conductad by the Arny Wight
Vision Laboratory with narrewer FOV HMDs sesw Co suppest similar findimges. However, oo definicive
study cxiste on this copic. Ae 2 minious guideline, it cen be atacted that, with aarcow POV systems
(those with monoculavs having a horizontal FOV lees than or equal to &0 dogrecal, a full overlap
condition is desigable and, for larger POV HMD: at least 30, and probably 40 degrees of overlap ia
desirable,

BELIT PUPLL SIZE

The oxit pupil of an oprical system rhar has ona, i= 2 diac ta which all of the light fro= the
systom converges and from which it diverges, all of cthe lighe savailable to che eye, Jhea tie eye pupil
is eotirely withio the exit pupil sll portions of the HMD FOV may be viewel instantaneously and at the
maximum brightness that the system can provide. The definitions ope usually reads in optical texts to
define exit pupil are weually for convenctional telescopes and microscopes, where the entering light
raye arc nearly pavallel snd clowe to the opticel exis. For these desigoe, the aperturs stop, and
therefore the exit pupil, is wsually easily defined and explained. However, the desipn constresints for
HMDe require that a relativaly latge sbject (the GRT phosphar) be viewad frow a short abjoct distance,
while still providing a conbination of lacge visuval angle, large exit pupil size and encugh eye selief
te accommodate eye glamsen, The relatively larpe CRT Eormat, being clome o the velay optica lensea,
produces light rays that cmter the optical system st large angles from the extreme off-awis points of
the CAT format. The HMD oprics asperture stop may be a combimation of stops in the system snd is noc
ensily determined, 1t is wsually left to the optical desigmer te define it and inpure that ir is
obtained Por the desired eyve relisef and FOV. WHowever, the syates degigoor musk supply a reasenabla
justification for the Aesired axit pupil size based wpon the anticipated lusinance conditions, expectet
pupil sizen for the homan eye, the snticipated quality and atsbility of the helmek sysbem dasign into
vhieh the oplice will be inkegrabid, cxpected environmantal eonditiona durding oparational uwee, and tha
realitian of the oprical design and weipht penpalties asescciated with inceeased exit pupil dinmcters.
It should ba noted, chac pupil size, ag deseribed im Lhis paper, muans the croma sectiocoal dimension
over which ao vignetking of the UMD light ocours.

Pigure 9 shows a simplified diagran of the huosa eye, token from the Military Handbaok of Opries
{MIL~HDBE=-141l) with certain oapricsl conmetants ineluded, whieli can be used Co obtaln a Eirst order cut
at caleulating che required exit pupil size. For thia snalysis, the encramce pupll of the eye has hecn
anaumed to be physically approximacely 340 wmillimetecs behind the cornee. The optical discance from
the cornea Co oye pupil Ly the physical distance divided by the indax of rvefraction (3.05/1.137), of
the agueous humor, which ie .25 millimerers, Thiz is about the Loeallos, whorae UMD optical designers
Like to design for the oxit pupil of the optics to be Located. The center of votation of Lbe eye Is
spproximately 13 millimetecs behind the cornea, and thue the rotation cencer of the eye fa 10 (13-3)
milliceters behind the eya pupil, not at the pupil.




22-10

S S U 3. /T VN PR S PP
LENS ™
OUTER n=1.385 OPTIC AXIS
ViSUAL |
IHER N=1406" ““LINE . ANGLE a=5°TO7°
=1.000
DIAMETER OF CORNEA | | ~n T
DIAMETER OF PUPIL e
ANTERIOR SURFACE /— POSTERIOR SURFACE
OF CORNEA 13 TO 13 | OF CORNEA
| ! ANTERIOR
2 SURFACE
I OF LENS
I LB +H':,, ‘I T [
1.
_ E 53,54
POSTERIOR 7.60
N
T AR . gl Al
|
}-—ABIT. g—=i 24.75
i| VITRECUS
DIAMETER OF || n=1.337
CRYSTAL LENS
¥
i} Il‘“r PRLLELEE U - AN
ru' J"IHE
NASAL SIDE 'SR TEMPORAL SIDE
w8
NOTE: ALL DIMENSIONS, EXCEPT WHERE
FRRELPLE NOTED OTHERWISE. ARE IN
NOTE: AQUEQUS = 1.338 WLINETERS
CORNEA n= 1,376
TOTAL INDEX OF
LENS n=1.42
FIGURE ©-

OPTICAL COHSTANTS

Figure 10 depices the essenrizl relaticnahipa
rotated to view off axis portions of the HMD FOV.

FOR & "STAMDARD EVE™

sapded bo caleculate eye pupll movement, as the oye ia
Although sya pupil diameter cas vary from 2 - 7

willimeters, depending upon display/ambient luminsoce conditions, the calculations were performed for
eye pupil aizes of 2 and 5 willimeters, vhich {p rapresentative of weriations rhat might be sbaerved in

a rotary wing sirerafe HMD applicarien.
10, equation 4 can be derived.

EYE PUPIL EDGE HEIGHT = h = g

WHERE: cos v = rifr +Ar), S0 {r +4r) = rlcos ¥

[sinfw + ]|

Using the dimensions and relationships shown in Figures 9 and

(4)

AMD sin (W + v) = hi{r +-4r)

For the 2 and 5 millimater sye pupil diameters, aquation 4 reduces te

hy = 10.00[sin {w + 57324
and
by = 10.26(sln (w + 14.10%)]



22-11

PLIFIL CENTER

EYE ROTATION

H5:1u.zasm Wi+ 12107
Ef 1000 SIM [ + 5747

EYE'S ROTATED OPTICAL AXIS

PLAME OF
HKD PUFIL

% i I_L" A~
- r i |
\ kDHIGIN AL OPTICAL &S \LFUFPL CEMTER

BEFORE ROTATION
CENTER OF ROTATION OF THE EYE

RaDILS OF ROTATION

EYE PUPIL RADIUS

= ANGLE SUBTEMDED BY EYE PUPIL RADIUS
ANGULAR ROTATION OF EYE

ABCYE AXIS HEIGHT ©F EYE PUPIL EDGE

MSTAMCE PUPIL LEADING EDGE HAS
REGEDED FROM PLANE OF HMD PUPIL

u

n

= [ -
L E-EE
I

FIGURE 10
RELATTONSHIPS FOR EYE PUPTL RDGE POJLITION FOR EYE ROTATION OF W DEGREES

The resulre of repeared computatisna wsing equabion & For cach pupil condition, are plotted im Figuree
11 out to 50 degreos off~axie, ropresenting a hypotheticel HMD design with a 100 degrec horizental
monocvlar FOV. The inherent sssumptione made hiere are thal there iz no fiald curvature For the HMD
exit pupil ab che design cye relief (accomplished either through highly corvected optics or opkicalf
electrical compensation st the CRT), and thatb the eye is moving alopg its horizontal axis. One ‘mast
alpo consider the movament of the edpe of the sye pupil odge back from the plane of the HMD pupil g
the oye rotates, bocause the HMD pupil becomes smaller at sowe rabte dictaced by the optical deaipn, as
one deparces from che pupil locatiom at the design ¢ye telief point of the opries. This distddce
denoted oy "e" in Figure 10 csn be computed in & Fashion aimilar to that for aquation % uasing Ehe
relationehip ahown in equatian 5.

DISTANCE BEHIND PLANE OF HMD PUPIL = x = r — hjcol {v + w]] (5)

The results abiained applying this relationmanip ate plottaed in Figure 12, out Co am eye totation angle
of ) degrees, which spain represents 8 binoculsr HMD systew with ¢ monocular FOV ofF 10D depreee. Tt
remaing for the optical deaigner to specily to the VWD syatem designer; hew ewic prupil aice deccanses
as one moves awidy Evom ibks plane of maximum cross sectional area.

1n addirion ce HMD FOV =nd eye movement consideraticns, tho effeera of ewit pupil size on opcical
syaten walght oust be considered. For wide FOV dipplay ayotems, exit papil sizes hoyond sbour 10
willimelers cauwse the weight of the BMD cprical slements to Encceass so substantfally that they quickly
bacame unscceptabls for alrcriaft helmet systemse. One can achieva & firar ent approximation of exie
pupil size and weight impact, on & particular aptical gystem desipgn, using the relstionship definsd by
equation & and illustrated by Figoeve L3 [20]. Tc use the relstionship expressed by equation 6, ouc oust
Lngure thiet the oprical design ia corvected far the Abbe sine conditionm [#0], = relatiomahip thac
expresges 4 condicion that applies to opbical sysceme frea af cerrain aherrations for off-axia poimts,
particulagly peimary coma [21,28]. Momt high qualicy WD designs acc corcected for these abecrationa.
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WHERE: h; = HALF-HEIGHT OF EXIT PUFIL OF HMD CPTICS

f = SEMI-CONVERGENCE ANGLE FOR HMD OPTICS INPUT FROM
IMAGE SOURCE INPUT {CRT}
EFL = EFFECTIVE FOCAL LENGTH OF HMD OPTICAL SYSTEM

FIGDRE 13 f
DEPICTION /ETFRESSION OF RELATIOMIATIP FOR DETEEMINIEG EXIT PUPIL BIZE

For sn F-Theta mapped syacem, such as the Farvand Pgopcake Window HWD and, indeed, most binocular BMD
designe, the effective Focal length {(EFL) for the whole system cen be computéd from eguation 7.

erL [CAT FORMAT SIZE (HOR)| (180%)
= £
{HWMD HOR FOV [DEG)) T

{7)

Repultn, originally formally presented in roference [20], for both the growth in seoi-convetgonce aongle
snd relay opties waight, are agdin preaested here, by Figures 14 and 13, for completenses sud to sEzees
cive difficulty of obtaining large exit pupils, for the vange of system focal lanpche nmormally
obtaioable for HMDs (pee Table 2],

[J OLD PANCAKE WINDOW SYSTEM

O ORIGINAL DESIGN FOR NEW PANGAKE WINDOW SYSTEM

/\ FABRICATED DESIGN FOR NEW PANCAKE WINDOW
SYSTEM
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PLOT OF RELAY OPTICY WHICHY VERSDZ gXIT FUPIL DIAMETER (PANCAFE WIRDOW HMD)

The remaining major factora effecting exit pupil aize ara the envirenmentsl oparetisg conditions and
chi design af the headgear. Clesrly, aiversfr operating in a high "¢ énvicoament mey need a larger exit
pupil to peevent display vigmetting due bto helmet slippame on the head. This omay be largely oveccome by
daeigning & aystem with a smaller more conpact POV with lesa eye relief, which in turn preventz the
cveation af significanc inertial moments that vould accentueta dieplay movement from external forecs.
Alaa, as will be presented, the design of an integrated headgear which soticipatee ond attempta ko
prevent lerge helmet movements can alsa reduyce the need for very large sxit pupil eizas,

Henea, 4 paneralizad worsl ¢ase condition might be hypothesized baesd vupon, (1) faazible operatipaal
designa, which will probably not achiewve a monacular FOV geeater than GO doprecs hovizental by 45 degrees
vertical {resulting in maximum off-axia angles of +/= 30 and 22.5 degrees vespectively, and therclove, &
radial emgle of 37.5 depreee), snd (2} the aparze human factors dags related specificslly to BMDe, which
dugaests that the human operatoer does pot usually mova hie evs off-axis when viewing the HMD by morc
than 4/~ 20 degrees before moving iz head. An impartant qoaliEler here, as wentiomed in [20], are
binocular display systems which volsbe the NMD optical sxis ko achieve grester horizootal FOV, uaeing
parcial owerlap of the moneculare. Figure 14 depicta the exit pupil ¢roas aeceion, as it veuld appear
lacated uormal ks the ey with ne Eilt of Ehe binocular npl::i.:ul AXea ':Whil:]l. wonld he r:mPln;.'q:d far &
aysten having partial owverlap of its moneculars). Aleo poverayed are importaoct HMD sysatem phyaical
relationships. Tho relationships porcrayed by Figure 16 should be considered a worst case condition,
beeanss the exit pupil aize is based wpon a full Ffield condicion. LE the porcion of ghe Eicld (or .,
abjoct sizel, which must be visible simultaneowsly is reduced, thea the diimoad shape ares, ower which
the reduced £ield can be simultzoeously wviewed, will become proporciomaily much larger. A5 Figure 16
shows, - the only Wonest apecification far eye velialfexit pupil size, ie ona thet rzeulte in the proper
positioning of the maximum croea=seectionsl pupil ares on ehe eya, Ocher pomltioniag points Teswlt in e
ceduced effective ewic pupil mize Eor no vignetcing. LFf tha orientetion of the HMD exit pupil ia
normel to the cornea, then eyometric movement of the eye is passidle with similar vignetbing or lack
thereaf, However, if aa naged in [20], the monscular BMD optical gxes are turned aut to obbain a
partial oveclap condition, then the movement to cne side of the sxit pupil (racmally the dirgetion Fap
divergence of the eyeel, is restrained for the nominal IDaterpupillary diztance {IPB}L.  This must be
conpenzsated for by adjusting the optics to 5 somewhst wider-then-normal IPD [(uepually by 3-3
millimaterel.

Given the preceding comsiderstions, = worst case conditiom can be picked for the 5 millimater pupil
aize st the 20 degree off-axia posicion, which resulcs in 4 nominal indicaced translacion of + or - &
millisecera, 1f one phen adds to this + or = J millimecera of translation due to helmer movemenc {a
eceasoniable amount For 8 well designed integrsted helaet syatem, ugad for 5 Totary wing sirceaft or
sipulater spplicarian), one areives ab o nominal oxit pupil size of abeut 18 millimeters. [n praccice,
4t leaat for the breadboarded deaigpa liaced in Table 2, an exit papil aixe of 14 - 17 willimececs has
been foaund ko be eufficieat. For applicsticns where weight is sxtecenoly imporcant, & pupil aize cowacd
the low end of the cange would probably be selected,
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EXIT FUFIL/EYE RELATIONSHIFE

EYH BELIEF/CLEARANCE

Ag depicted by Tigure 16, the distance used to epecify eye reliaf, should be measured from the
viewing center of the final optical surface clpaeat tp the eye, te che optical position for the largest
ceoss—aectional area of the optice’ axit pupil with respect to the eye. Table 2 lista a ranpge of
differant distancea for the five optical breadbosrds, which were developed zz part of the VPD effort,
Ganerally, degigng providing 37 nillimetecs or more of eye relief, present no major operationpal problems,
and allow mest eyeglasses to be sccommodeced. Howewer, it ia prudent Eo keep eye relief as emall 2a
prRsible, because for a given FOV, as eye relief incresnen, ke does the size and weight of the optics,
in a manner proportional to the design approach eupleyed, Another similap figure-of-mecic (FOM), used
o degerlhe display system positiening arcund the eye, is aye clearamca. Tha generelly accepced
ooaning of this tarm ia that it defioea the point of closeet approach of the HHD combiner andfor
bagnaplitter asseshly to asoy part of the eye. A corved/tilted combiner assembly zap often yield much
smaller eye slearanes digtanees than thoes given for eye reliaf. Experience with the bresdbeard
designn listed in Table 2 ohows that eye clearsnce distancea of less than 20 millimeters present major
difficulties, particularly when ite use in #o oporationsl spirersft anvirooment is contemplated.

COLLYTHWATION

For the VED spplicstion, it ig woually requived chat the displsy imagery, whieh is overlayed on the
ambient or cutside=of=ceckpit=scens be at opricsl infiniry {eollimared). This permira minimal ot Ba
vefocuning rime between the BAD display and the cuteide warld ecene, 1t Ls also important because the
heloet aighting eystem (a3 shown in Figurse 1) vace tha YPD HMD to image ite sighting reticle. The reticle
i cleckronically aligned with tha helmer eensor during the. syztem boresighcing procesa. 1€ the retiele
image ia not collimated, then theege will be parallax ervror between the helmet gighting eyetom and
external seene Eor targets being designated by the diaplay sighting reticle, Collimation can be checked
¥ plecing o powarful (20w magnification ar higher} telescope focueed for infinity in the HMD exit pupil,
and checking For ghoavpacas of tha dieplay imaperr. If the imagery ia io facus, one can wauilly b-:: aureé,
that the display is collimeted to within & emall fraction of a diopter, which ia notmally sufFicient.
limplay daaigns which hawe theie ¢ombiner surfaves sepacate from the helmet lemns or visor, wsually
saintain collimacion much batter than desigos that use the helmer vieer s4 che lasc digplay imaging
aurface. Thia ia becawse visoxs ave mormally susceptible ko deformations during helwmet flexure, ete.,
vhich alker the focus of the displaey eyetem. Attempts ware made, early in the VPD HHD progtam, to
develop &0 alternsce Focus ar imaze location for the display format, eo thet the dieplay imapsry might
alap be optically Located at the same dlctanco as the cockpit iontTumentation when the pilat waa
dttempting to intersct with ioteroel cockpit ingtrumenta, The two conditions would be monibored by the
halmat poaition/oriencation asnging systeém and the ineps locetion would be rapidly shifred suwtomacicelly.
However, no compact, llghtwoight odjuetaoent mechaniom could be found and atteompto to achiewe this
function were shandoaed.

HAPPLHG /DLSTORT LON

For bimocular HMD deaigne, particularly designe whera the monoculer fields are partially owverlapped,
P-theta mapping, which providas copstsnt angular resolution over the display POV, is often cha baar
choice for the mapping of 3 display avstem's angular reselution [03,20]. Howewver, Fetamzent thets
mapping, wheee the tangent of the Field angle ie proporticnal o the image source chordal height,
reépresents the no-dietortion papping condicion, F-cheta mapplng, where the image fiald angle is
peoportions]l to the image sowres chordal hedight, Fialde pincurhion distartioo. Therpfore, some Eorm of
campensating distortion, oomioelly representing barrel distortion, must be igtrodoced inko the CRT
imegery. The distostsd CRT dmagery correcte or limearizes the virrtual image of the CRT when viewed
theoogh tha MME cptica. Figure 17 depicta, in #imple Form, tha mapping relebiomehipa between the esye and
GET, sud showa the devivatioon of Ehe relaBionship for tha tequired correction. Alternate explsnations of
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CRT/OFTICS MAFPING COMPCESATION

thia problem may be found in [00,02,20,22]. The CAT drive slectronics” deFlection ¢ircuibty must be
desigoed to cupport auch corrpction. The VPI aystom {ntegrator must be sure thet bhe coguirad
eorrection, and, therefore, expansion or compression of GRT pinel specing ar differant povtione of the
CBT faceplate, can be aupported by the inharent parfarmance of the CR1 and ite Jrive clesttomics. Tha
arctangent funeccien ie difficult £o implement «ith andleg dizplay elesctrenica. Therefora, GRT daflection
gecmetry corraction Ie usually ioplemenced by e truncaced polyoomial appreximation, using Lerus aub La
thaicd grder, aa digcupmed later in thim paper. .

Reaidual fiald curvatura.osy ales be laft in the cptical design becoiwse its complete elimination
would result in 4 lazget number of optical elements and, correapondingly, a hesviar deaign. This
regidusl field curveture is weunslly veduced co wegligible proportions by adding & corractive curvature to
the CRT Euseplote, resulting in some additionel complexirvy for the CRT, buc adding almost no additional
helmat aystrm weight. The ahzpe cf this corvabture =ay bo elther conver or concava, depeading vpon bhe
requireaents of the optical design,

LICHT MAMACKMEWT (TEAMZMISSION EFFIGIENCY /MODULATION CONTRAST)

A3 mentioned moch earlier in this papey, the gontrast achieved Eor the dieplayed imagery ond the
amgunt #E see=thraugh parmitted to the ambient acene is prebably the moat inportant design relationahip
for moat AMD appli.csr:iuns. This is especially true For the VPD, whara the head wounted display is .
suppnaed ta be che p:.lot & primary display dovice, and is crltlcal for maintaioing che required level af
"gitwation awareness.! For tha systems listad in Teble 2, the %oy to light mensgemenc and the
eatablishoent af Ehe praper tranamizaion eEficlenciea Eor image couvce and ambieng llght is the design of
tha dinplny combinar au.cl."ar br.nmnplitt‘ﬁt‘ cloments,,

The, two most coomon configurations for the NMO ¢oobiner/beansplitter (G/G) componenta, &nd their
relationghip with veapect to the imags source/relay lens input and obaerver's eéye position, sre shown in
Figures L[Ba and 18L. The coatings vded on each of the Cf5 surfaces sre optimized for che incanded range
of npplicaticon includiog day/oight viewing with oyobology and/or imazery. They mugt tlie acconmodate
the performance of the image sowrce, and its capabilities to adjust for the relative tranemission
efficiencies, for light arriving at the eys from the dieplsy imzge aource or the auteide scans, The wmosk
afren niad figure-of-maric (FOM) deecribing che gqualiry of Cff Vight managemont {derived in raference
[22]), is again listed here in cquation 8 for completenses and the convenience of the reader vhe might
wank Eo compakre !sypnthuti:ni casen far Ehe Ly atems liatied in Tabla 2, Equqtl'_n'n B rqu:ciEieu'l Elhe maximamn
amount of HHD contrart that can be achisved for a givea wiewing condibion and the coatings design uaed in
a paeeicular HHD design: The walue obtained in Tquation 9, can be convaluted with {muleiplied by) the
ayastem MTF computad For cthe CRT-drive elactronica amd aptica, to abtain an estimate of tetsl syatem WTF
[22,23]. The darivacion of systew HTE relationships, for the GHO/optics combinabien, has been explained
in referance 21, and will net be repeaced here. Values far Cd of 0.2 ce 0.3 are generally accepted as
providing enaugh contrast to wiew line gtaphics spmboleogw.  Values for €d of 0.3 te 0.9 are felt to

frwidkj& enouph contrast, to portray sppraximately 8 discernible linesr "2  mrar shades of imagery
24,23].

Inaerzicn of a few values inco equacion 8, and a rceview of referemce IZ, should be suificient to
emphoaize the impoartansa of the #ype and qualiey of the c/B coakings. Eyskens utilizing a combinee
system lika thst ahown in 18s, such as ayatema 4 and 5 in Table 2, are, with current techaology, tnuch
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nore efficient light monagement systems, since they do not suEfer the approximate 75% loss of luminance
at the beamsplitter's mecallic eocating purfece, ae ehown in LBb, and exemplifiad by aystems I and 3 in
Table 1. Howewver, For the nane FOV, ayrtems Llike A and 3, which use pelearily :_Gfrnc:.:i.\re opti.en (=]
convey the GRT (msge te the eva, sre veually ouch heavier than catadioptric designs, like eyetema 2 and
3. 4e described in [Ll4), navrowband high efficiency multilayar dielectric coacinga hava been developed,
whigh are tailered to reflsct the prisary speckral band of CUT phosphiors, such ag P43 and P53, These
coatings allow mest of the exterpal ambient Light to peass with oinimal sttemustion, except in the band
gat aside Eor reflactima of the ORT imape eource light. & drawback to Eleee caatings ia that thay
ruqulye combinoe deeigns whire the incldeoat amgle of bhe imeapge sowrce light ie almost coastant pcrass the
entire FOY, ond they attenuate s wider {60 to 8 nonoweters) bandwidth than desired of the ambienr wisuwsl
specteam [14], A relatively new type of reflective/crangmissive layar, dubbed a holographic simple
airror, has recantly become available, and actempts &re being mede €0 incorporate thia cechoology Lobse
Rl aystema, FAolegraphic simple mirrerr are wade Erom volume-phase reflection Eype holograms embracing
photochemical, interference and sefractive phenamena, and diffeact Light as eonventional mivrors reElesct
Irght [09]. They seen [0 hald prowmise [or moderaling Lhe angle-sonsitivity anl baadweidch problems
azmocidked wikl multi—ln_—;er diclecteic Q'Q;].L'inL;: [D‘?]. I{ultilnyer dielacticic cuntingn, with wide
raflective bandwidthe "notch cut" a significsnt portion of the ambient spectrum, often adding a slighet
pink Einge to the awmbient scenae.  In canCeast, cthe balographic mitror technology offere the poesibility
oE u'bl:::i.nf.ng VECY OarCow reflective banda of 10 to 20 ponemetern or leapa, which can be Exilored to Ehe
primary emissiom peak of the phospher, thus allawing transalesica of more of the outsida ambient light.
tntireflection (AR) coatinga can be formulatad from & nembar of msterials [L4, I5], and must be applied
to prevent uawanted reflections that cavse jecood surBace g'l'u:mt.ing|I AR ﬁplﬂ.inﬂd tn [22], Troblens with
supondary image ghosts <y Be Lutbher tedueed by sbriking an appropriate halawse For the attenustion of
ambiant light, from the outeide scens, ueing both surface coastinge and continuoue sbaorptive media
thronghtout the combiner material.

An sdditionsl issue, not often discusaed Cor BMD desipgn &nd difficulc to asseas, is the optical
syatem MIF ond the televancy of data supplicd by the optics' mawufecturars concarning HEF. A relacion—
ahip, that can be waed ta computa &8 cloae nppvu:inntinn to teaked npt:'u:.nl ayatem HTF perfoemance, based
upen praliminary opkical design daka, 13 piven in eguetion 9. Using system 2, Table % ap am exzople,
the aystem £ vould be LB9/21, which equals 0,8, However, equaclon % must be medified Lo reflect bhe
syatam HTIF [ that of rha muapurcaernk u}':'_em.erHD upn:'.-:g'h, or the "relaeive aperture” aof ehe ayatem. A&
ragaonable satting for the meaaurament avatem iz an apervbuee af dmm, which peflects o widpoint for che
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eye's Tange of pupil $izts. The ¥ of the measurenent system iz then 16.9/4, which equale 5.225.
Bging the wavelength for pesk green light for P33 phoephor of 545 nanometers (0.000545mm), equation 9
gives a diffraction limited reenlution of 434 lp/mm, Upiag the normaliced valueas for NTF, for an ideal
aberration Free aystem [21], 28 & funetion of percent of cutoff, given in Table 3, one may plot Ehe the
ideal theoretical WTF curvea Eor the MHD/teat inetrumentatian svabem, (sspuming it ias well corrected
sod free of significant aberraticnme), as shown in Figure 19.

TABELE 3
ROBMALTZED MIF TALIEZ AS A FURCTICN OF PERCENT OF CUTDEF
PERCENT MODULATION PERCENT | MODULATION
OF CUTOFF | CONTRAST OF CUTOFF CONTRAST
0 100,0 55 33.7
3 83.0 60 28.5
10 87.3 65 235
19 81.0 70 18.8
20 74.7 75 14.4
25 €85 80 10.4
30 62.4 85 8.8
35 56.4 90 3.7
40 50.4 85 1.3
45 44.7 100 0
50 39.1
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CHAT PEAFORMAMNCE LIES
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=
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=
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-
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=
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FIGORE 19
FLOT OF TDEALYZED OPTECAL MYF FOE MEASUREMENT SYSTEM/OPTICS
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The brocketed area of Figure 19 highlighta the region of Interest, where the naminal perforsance of
corrant CAT image poureces fall, Current mipiature GRTa reeclve less tham 40 Ip/mom. Similar plotz cen
be made for a pscticular HMD desizn, and wged o check both the resulte of optics a¢ceplance tasring
snd combloed vith eqguation 3, to hypothosize more exectly expected AMD sysatem pecformence. It muet be
streopsed thabk tha eurvo shown depicta highly  idesl on-axia ¢ondibions, Mesoured values Eor the
brackated area of ppatial fregquencias, chat depart mavkedly (i.¢., down to about 50 petcent tesponsel
from the representstive corve ahown in Figuce L9, o aot mecessarily indicate an infarior optical
design. However, the aireraft sensor dystesn depigner upvally ineista on reserving about 60 percenr of
tha total cansor/ /MR eyptam MIF for the seneoy ayetem. The iwplicatlien of thio requirement for the
opticsl design, ie that valess eloge o those shown {n Figure 19 sust be obtained, to dllow total
system MTF requirceoents co be mat. Tn pracries, it has been possible ee achlove auch waluea for
cerrain HMD optical dewigoe.

COLDR

The incerporation of a colec=corrected deaign inta the VPD HMD oppkica ia cectainly o desicable
fagture because calor imags eource iopuck car add sipnificant sdditiesal infarsacisn and cues. Color
ipapery pay also nid "situation awaréness,” cspecislly vhem the BMD sensor sgene is tho primery imput
from the outeide world, Morae icpostantly, CATe uesing narrovband phosphore, which cay have aignificapt
pprctzal esiseion peaks at other wvavelengths in Eha wioual specrrum, oeed not be fileered, and
therefore. all of their light can be uscd to meximize lusinence contraat at the display combiner.
However, eoler—corrected opties usually repult in & aysten with many wore cptical eélements, incrcasing
helmat weight aignificantly. #&s Table 2, shows, only ond of the five VPD HHD breadboards ie a
polychromatic design becaume of the extreme weight peaslties, that are msaociated with full color=
corrected desigan. An aven amorc important factor is that the combiner, wust now incorporate lower
efficiancy brosd apectrun reflective coacings for the HMD image eource 1ight, and, consaquently, the
advantage of using a narrow bond rafloccive/brondbond transmissive costing scheme, to amuimize
traapmisaion of Both the image doures and ambient light, is leet. Luminsmee cimbcant ration between
the HMD imagary and the smbient nceoe may slao ba roduced.

Manschrematic WHD desigon vequire naccowband pheaphoca to aveid latecal and axial celar, Lateral
color artifacts produce a blurred sacond image of » different calov, duo Co diffeconcen in imaga
aagnification, The vesulc ia differvenc image sizes For different wavelengtha of Light [21], Axial color
artifects abow wp oo lengltudinal chromatic sberracicnd, due co LLght caye of diffecing upeceral
wavalengeth, undergoing diffocent smounta af vefrsction [31), Theove color mborvationa are ofben most
poticeable ak the edge of che AND exic pupil. Tolerances for geisl and latersl color thac rseca to have
worked well for the VPO syacess dce provided in the section concerning miscellancsus opkical
specilications in Table &,

The phosphor of choice far che VPD AMO decignd has boen P53, becavee of LEs éxtremely cugged thermal
snd émission life characteridtics and luminows efficiency. The yellow=groen primary eéoiasion mpectrum of
F33 provides '§¢na~l color confrast agaiont colere found in laml/pea torrain, ond ie close to waveleagths,
wheze the eye's apeacteal reaponse is at 4 masinum. P53 though, hae aignificant rod sod blue o=innion
peaks which gust be removed fov propor operacion with the YFD HHD monochrozacic deaigns.  For systoms
cthat cequive glass CRY faceplatea, atceopts vére made Eo wtilize oultilayer coatings developed by Oprical
Costing Labs Ipe. (OCLI) between the CHT phospher snd facenlate that weuld both filter cut the red or
blue peake, and allew more of the greem light to exie the Esceplate [15), Theses antibalacion eoaktings,
whon uweed with a compacible angirpflection coating on che outpide purface of che feceplace, aleo enhance
the display coatravt obtmined from glesa Eaceplates GRTe,  Preliminsry experience with Cheso coatinga
sihows Ehat iwmproved contract and Juminaves are obtained, but semo vesidual and noticeable reod and blue
light is atill tromamitted. This has required the inclusion of p green rramamincive {ilver, to
gompletely suppresp reoaining ced or blug émigsions, For VPD HWMD monechromatic designs which roguire 4
sheped fiber optic facaplate, the gresn tranamieaive {ilter is aleo needed. Use of the ODOLL costinge
with fiber optic fnceplate oyoceme has oot bean popnible co dote, becauss cheir physical propertics do
nak provide necepnary tolevance to the high ceaperatures to whicl the cestings/foceplaca are subjacted
during the coscing depowition proceas. '

HISCELLAMEDTS WPD OPTICAL SYATEM SPECTFICATIONS

Hemaining wiscelloncous VPO UMD syerem pacaaglers and suggestad colevanced thar have praduced
satigfactory results Lor the breadbosrd pystems liseed in Table 2 are listod in Table 4 Some
ajditional explapation ehauld be given hete conceening tho requirement Eor IPD Jdjustment and alignmant
{allowed divergense, dipvergeuce, ete.). The caleulacions for maximum wxit pupil eizé, covered
carlier, do not include provieion Por centering tho HAD exit pupils [or an individual’s eyé captar-ta-
contar diskances. Intarpupillary distancen vary from befwoen 55 ta 74 millimeters for the lat to 95eh
percentile for adult huwmaas, @0 Some veddanibla sllowsoce must be made for this variacion o prevenr
vigostting, whiles minimizing the rasge of adjustrent allowvance, which can bhave 4 sipnificant impacc on
the helmet/dieplay optice interfacc and system weight., The varlation given in Teble &, epecifics a
gange that appearas ko have produced aatiefactory vesulfn, but should net be cansidered definitive.

Alipnment toletances are alde fclf Lo be eritical, becsuse, <hile humen accommedacive (Eocus) and
convergence poverd ave dubptestiel, feilure te isduee propur alignment, cay veeult in fatigoc and
pavchovisual preblama af un=uspeated ﬂl.'igl-.!l during extended operational wes of a ni:niip\qd pystom.
Divergence, which is an unmatural and difficulc conditioa for the ayes, should be per To zero, This is
nornally easily accompliehed, because the binocular BMD is adjusted [0 error toward aome convergence,
during mechanicalfelectronic aligneent, Yavever, convergonce can produce fslae atercoscople cuce hetween
the monceulars nad, thereloce, should alao be miniwmized. A veaconable convarpence setting thowld produce
an accapmedibion eveer of lasp than & centh diopter, This setting can be computed gaing the
relibionship, that convergense distence in millimatere, equals the interpupillery discance (IPB)} in
oillicerers divided by the convergence error ia radians. For a nominal IPD of 63 millizeters, and 17 are
pinuten of comvergence, an given in Table 4, the convergence disfones in 10,938 millimerers or 10.9
matars. Sinee dioptern equal the reciprocal of distance in meters, the convergeénco BIEor Tepreasnts
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less thao a tenth diopcer, which ie an appreciably smeller eeroc than that in proacriptioa spectacles.
[t remains Lor operaticnal testing of the YPD binocular HMD ko verify that this criteria provides
sacipfactory reaulks, or should be modified. Dipvergence should also be male ag ¢lage Lo zero ag
possible to prevent mismatch becween aymbolegy or scan linas. dormally, a dimedsicnal tolerance of ons
scam line width (abouc ] are minutes] ifo desired, bur sanssc be provided by the eprtice/headgeac
adjustzants slone, 30 proper electronic alignment petteroe and adjusctment capability, =must be
iocorporated inte the CRT display clectconics.

TABLE &
ElpeirY OF WISCELLANEOUS REQUIREMENTS FOE ¥PD EMD OFTICS

ABERRATIONAL DISTORTION
CENTER ... v P T 0.2 PERCENT
MAX OFF. A}{IS sl A e s LT FO G0 PERGENT

COLOR IMONDCHRGMATIG APPHDXIMATION} . 535555 NANOMETERS
AXIAL COLOR .. . LESS THAM 1.6 ARC MINUTES
LATERAL EOLC‘JH s LESS THAN 3.0 ARC MINUTES

MAGNIFICATION IMBALANCE FOR
BINOCULAR DISPLAY CONFIGURATIONS .............. LESS THAN 1 PERCENT

SEE-THRU DISTORTION.........ccvesissernssssarsmsmmereseaesnnes. LESS THAN 2 PERCENT
MAXIMUM CONVERGENCEIDIVERGENCE ..o cvvvoveeee. 1270 MINUTES OF ARG

MAXIMUM DIPVERGENCE oo srinimremnsssssrienssnsoneene. 6 MINUTES QF ARG
PERIPHERAL VISION OCCLUSION v MINIMIZED
IMAGE-TO-GHOST RATID i 120F1

MAXIMUM ACGEPTABLE LIGHT IMBALANCGE ........... 0.5 PERCENT {OPTIGS ONLY)
BINCGCULAR IPD ADJUSTMENT ——— .. 58 TO 72 MILLIMETERS

VFD HHMD LMAGE 300RCE

Ahs cxplained earlier during che discussion copcerning VED design slterpatives (pee Figere 33, the HMD
with head mounted amage scurce was selected as the oaly viable alternacive, gives the cureent state of
technology, Great strides aze belog made with solid state image sources, and lsser generated displays
loam e the horizen & o potentially powerful elievnative. Even so, sigoificent advancemencs have slso
bean made in miniature CET technology, which s£all edkes them the cusvent bost eholee for a VPD HMD
spplication, Besides their basic light conversion efficieéncy and vesolution, there see other reasons Eor
selactiog the GRT. Ose is that GRT image nource techaolagy doeo not Lopesc a strict allecation of
digplay élements across che digplay forsat whose relative aize and mceivation characceriscice ace
fired. Therefore, horizontal/vartical smeothing (mcialissing) ceehnlques, may be applied to ampath
the appearsnce of straight edges (particulacly from san-made objects), that crose the scaaning format
disgenally, producing etaircasing effecto and visual avtifacts. Cenerally, a solid otate display
roquires paveral times the inherent roeolution of a CRT to match the apparcat smocoChasss of Che CRT's
imsgery. Since current oinizture CRTs csa provide in excess of 1 @illion resolution elemeate, solid
state disploys for HHDs have sigaificant perfoxsance barriers to overcome, [n seall aizes they
currently bave cuth lowar resclutico them CRTe. In edditios, & (BT imapge sourée =ay present randomly=
written vector graphic information, providing only smooth line zegments at any orientation en the
diaplay. This syzbology mey be updsred st refresh rates mueh higher than norsal video field rates to
athieve much brighter péak line luminance levels for daylight viewing, This ia podaible by Laking
advaotage of optious chacge puupmg tcchnlqurn, which some of the new rare earth phesphoza permic [04].
For thege reancns, only the CBT image source ie considerad,

"

Figure 20 dopicte the direct impact on winiature OETe of cereain image source pacametérs due to the
requisenentd for good dieplay contrast and resolubion on tha HMD, avpocially when esploying o woe=
through combinar. ORT Lina widths muat ba kept small, and active arca Eormat aizes made as locge as
posaible; given an oversll maximus allowed CRT dismeter of sbout one inch. Line rotes, refresh rates
and, 28 poseible, snode potentials must bo iscremsed to belance resolution and light convarsion
efficiencien. AC tho seme time, faceplote contrast cust be preacrved so that individusl sdjascent
reeolution alemeate reosin distinct and discernible to the eye. Thias zequires a high efficiency, fine
grain size phosphor foroulsrted for opfimum lipht emispion/transparency and therssl conductiviey,
coupled with 3 faceplate syscem, scch as those using fider optice, which offer ioprovéd contrast.

To bring about substantial pecformecce gaine in the CHT dur:us the ¥PD EMD effort, an attempr was
2ade through 4 musber of erudies 104,17,18], to {dontify major preblam arese, where improvement had to
be made, These are listed in Teble 5. Improvemsnts in the prablec sceas listed ia Table 5, had to be
made im the contedt of the design limitations impoged, by tha alectromagnetic deflln:ianEEHDH
electrostacic focus lann (ESFL) ayetem, whicl has been found to be most suitable Eor miniature CAT
spplicationa. & representative GRT deaign, showing the major telationshipe batwown intermal
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HATOR PERFORMARNCE LIHITTING PRORLEM AREAS FOR MINLCATURE CEIY

CRT FACEPLATE SYSTEM

ELECTRON OPTICS

OTHER PROELEMS

MAINTAIN HIGH LUMINOUS
EFFICIENGY DURING ALL
CRT DRIVE CONDITIONS

- MINIMIZE PHOSPHOR'S
+ CONTRIBUTION TC BEAM
SPREADING/LINE WIDTH

IMPROVE CONTRAST

ELECTRON OPTICS CAPABLE
OF FOCUSING SMALL BEAM
DIAMETER AT HIGH BEAM
CURRENTS

THERMAL LIMITATIONS

SPACE CHARGE
SPREADING

ABERBATIONS

AGGELERATION VOLTAGE
CRT's PHYSICAL 3IZE
MAGNIFICATION
GETTERING

DEFLECTION YOKE
PERFORMANCE

CATHODRE LOADING

cogponents, is diagrammed in Figure 21, Although new and pronising alternakives are being dnveskigabed
|13], nearly all ESFL designe for CRTa uee eirher; (1) bipotencisl lensee or, {2} unipatenrial ar
cinzel lanmes, In general, bBotter center vesoluticn is achicwable with bipotential lens CRTs than
unipotantial leng CRTs, hecduse of tha mora faveorabls beam diameter magnification valus szacciaced with
bipotential lens designs [LY,18)]. & firsc cut af defermiplng Ché magnifieation and, thorsfore, beam
Bpot aize Eignuring the «Ffects oF the plospher facaplate ayl:-!l:s_-.'mi may be oade e rhown in eguaticna 10
through L%,
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FLGURE 21
REPRESENTATIVE EMD/ESFL BIFOTEHTIAL LENS MINTATIRE CRU

GEOMETRIC MAGHIFICATION = M, = QP

WHERE: OQ = DISTAMCE FROM DEFLECTIDN CEMTER TQ SGREEN

P

OIETAMNCE FROM G /G, CROSSOVER TO DEFLECTION CENTER

ELECTRAOMIC MAGHIFICATION = My = (V)

WHERE: V¥, = CRT FOUCLUS VOLTAGE

¥y = GRT FINAL ANODE ¥YOLTAGE

OVERALL MAGNIFICATION = My = M, x M,

(10)

(11)
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For the CRT shown in Figere 21, which might opsrate at 4n accalerstion potential of 13 kilevelts, and
nominal focug porencisl of LI Eilevelre, & welue for My of L266 is obraised, This value may be
mulciplicd by the vivtual erossover diawetcor, supplied by the CRT menufacturer, te determine s Eirst
order approximation Eo aspot size, ipgnoring phosphor/faceplate systen contributioms, Unipotential
lensea give bafrer center—te-edge uniformity than bipotential lenses [L7,13], This advantape can ba
overcome by using shaped fiber optic Faceplates, which miniwize deflection defocusing and using dynamic
foeus voleage correction, which minimizes Focus lene sberrstione while mainteining the significant apot
oinification advantepge demonatrated by equetion ll. Therefore, for the VPD AMD =ffort, bipobtential
lens designs were given primary emphasie.

Ao accoaptad mothod of detaroiving a FOM for CRT performance, which is in essence one Eor spot size
or rasolution, for a given luminance lewvel, ig to determine the R3S (squata root of the sum of the
squaree] cf the i{ndividnal contributing factors to CET spor eize. Such a relationship, pressnced in
alightly different Form in sany refevences [12,17,18], and taken Crom [18], i{s givan in equation 13.
Por the VPO effork, the wajor design emphasia [ecused on maxiwmizing the ¢RT's final suode potentisl,
vhile remainiog within esfe operating limicta, investigering the effects of inceeaning che Gy volrage
aod raigin?. Ty cutoff, maxinizing the effective cross-sectiondl area of tho focus lems, dimproviog
deflection yoke charactevistics, and optimizing pheaphor grain eize/cooposition/depoaition bechnigues,

2 — A2 2 2 z 3
27 = 0%, oro * Bemien + Fism + dEpcne + YhHos sca (13)

TOTAL SPOT DIAMETER MEASURED AT CRT VIEWING

WHERE: d
e SURFAGE

diionp = DIAMETER OF FIRST ORDER CONTRIBUTION
{MAGNIFIGATION OF GRID 1/GRID 2 CROSSOVER)

depmgn = DIAMETER OF SPHERICAL ABERAATION
CONTRIBUTION

duemg = DIAMETER OF ASTIGMATISM GONTRIBUTION

dopesig = DIAMETER OF SPACE GHARGE CONTRIBUTION

CIAMETER OF PHOSPOR SCREEN CONTRIBUTION

Dpoe scr =

Raiaing tha [inal ancda potential affecrively provided more luminasce Eor Ché sameé beam curcent.
Ttilizstion of & lower curreat, and a higher wolkage apevating wode meant thak, Feér particulate
phasphor seeeens, longet phoegphor Life was achiewed. 4lae, at I} kilovelte or more, space charpe
sproadiog effecte became oeglipible with the beswm currents and beam travel distances found in miniatuce
CATs. Howewer, the higher anpde poteatials meant a sLiffer beam for the nagaetic deflection wokes to
stoer.  Therefore, mew, higher current, low inductamce/low capacitance deflection yokes were designad
[LO]. Theae new yokem alac tun cooler st highee deflection coil cureenbs. The deflection yoken are
deiven by apprapeiate highly lingar deflsction electronics cireuitry that cem support the high video
lioe ratas, often naeded for WED epplicacions.

Haximum focua. lene diameters end gun limiting apertures have been successfully implemented in an
incegrared CAT dsaign [17,158], These improvements coupled with shaped faceplates, rhe implementzeion
of dynamic foeus correction iote the CRT drive electromics, and lemgthening the CRT alightly so that
the deflection yoke sssembly does nok overlap the focua lens eleweng [10], have effectively raduced
sherrationalfastimatisn ¢ontelbuticns Lo abour 10-15 pereent of the total apar size. This wmay
roprasent 8 practical limit ko & teduction of thess comtributions to apot eize, and left only Firvet
order contributioms and pheosphor sereen a2ffects, where further reductiens might be obtained. !

The major fectors that comtribute to firat order apot zize are iaterrelated and expressed by
Lanpeuir's equation (equacion 43,19, eefecence [12])}, ap given here by equation L4, Ice form ia
darived Eor narfew—angle boam asrumprtionmy i.e., higher order cantributicons to gpot sisc are
nagligible, bacause the radial displacement and angle of tha besz sre kept sasll [18]. Egustion 14
_then represencs an upper limic for displsy performance {ignoring phoaphor dereen confributions), and,
fnce 8 ORT hnra been aptimized for a given ecl of opecating cheractaristics, indicates the only poassible
wies, that higher current densities (more luminence for e given spot eize) can be achiaved, A cloger
look &t equation 14 showe Chat ctlhere ave ezcencially Cour pacdwmeters which mav be varied to increase

P, = P [{=VIET) + 1] sin* f# {14}

WHERE: P, = FEAK CURRENT DENSITY AT SCHEEM

)
1]

PEAK CURRENT DENSITY AT CATHODE
V = FINAL ACCELERATIMG POTEMTIAL
CATHODE TEMFERATURE

-
"

ELECTROMIC CHARGE

o
1]

=
Il

BOLTEMANMN'S CONSTANT

L=}
il

MAXIMUM HALF-ANGLE OF COMYERGENCE AT
CRT SCREEN
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peak curvent deneity at the pheapher sevcen; (1) increase the aceeleration potential, {2} inceesas the
sngle of convergenee at the screen, (3} reduce the oporating temperature of the cathode, and {4)
increase the peak emission enrrvent capability of the cathode. The scceleration potential has alresdy
baen raised, and 13 wilevolets appears to be o mawimum veliable operating potential, Hedificscions te
the triade and focus lems desipm within tho sllownd dimonsional limits of miniature CRTE, have alsa
brought the angle of converpence te near ite sbsclute mexiwum Therefore, the designer is lefr with
the option of reducing Lthe objeck beam disveter. A practical way to accooplish tEhis reduction is to
téduce the B) sperture {see Figure 213, vhich imcrrascs the peak ¢athode lozding. Projectiocns for peak
cathode loading in sdvanced CRBT desipne currently predict pesk emisvion densities of 5 te 10 aops/fca”,
which is well abowe, that which ¢sn be obtained for standard oxide cathodes, providing ressonable life
eharacteriacica |1B]. The seareh for cathode desipnas, that con mect these operatimg reguire=encs is
perhaps the chief remaining breakthroogh Lo be achieved for ministure CETs with the performance needed
te acconmoedats most YPD applicacions.

The remeining area lefr For obtaining perlocmancc ioprovesents is Che phosphor screen
characteristics, A aignificant ispedicent to past performance ioprovements in this ares, had been
knowing what the actual besm diameter wis, just prior te beam ilwpact oa the -phosphor, Thiz dimensian
could then be compared ca che apor aize of light, emenzting from the phoaphor, afrer impaer af the
beaw. At che starc of che VW0 cifort, AAMRL had a sigaificant parallel effort wich ATAT, Ball
Laberatories te dewelep improved veraions of siogle crystal phosphors (SGP) that had auperior chermal
characteristics and did aot Auffer coulombic degradacion which causes diminished light cuecpur for the
aame power imput. Their cathodolumiescent qualicies, alaa produced a apot of light cthar was almosc che
same digmetsr 24 the eleccron beam apof, Lmpioging on the rear aucface of che phospher [0%]. While
thess mzterials exhibit superiar econtrase ac all drive lewels, thay have oot produced the externsl
luminoua efficiencies origimally hoped foc, Wowever, they have proven o be very sigallicant design
tools, and have provided important cechaical iaeight ioto the improvement of particulate phosphor CRT
sereans. Fabricatad in split-sereen versions, where one—hall of the {RT zcreen has an asctiveted SCP,
and the other half & given formulation of a particulate phoaphor the GRT desipgner could thon know Che
oontribution te spot size wade By che particulate phosphor by measuring the change in epot aize aa the
aleceron beam acsnnad seroas the tuo madic. Thio has allowed the importsnce of 2 number of particulate
phosphor paramectors to be investigated, ineluding; (1) the optimization of phosphor Ehickoess, and
therefore, ita traneparemcy to Light geacrated by the ¢—beam for 2 given acceleration potential, {2}
che aptinizabion of geain aize oixturded, ta achieve high resolution, high luminous efficiency, wood
thermal conductivity and good operating Life chavacteristies, awnd {3) the evalwation of phosphor
deposition processes thar yield good percent coverage of the screen, and sprimized phoaphor grain
packing. These processes, slthawgh mueh wefined, sre still undergoing farther improvement.

Figure 22 depicts the performance going achicved Fer an leproved oiniatere CRT developed s part of
a joint AAMRL/Hughes Aircraft Compeny development program.  TFor the refesence CAT, shown in Figuee 22,
maasurad at S0 peccant pedk lusinance line widths of 0.75 mila (19 microns) and 1.0 mile (25.4
micronst, luminanecs of 11086 and 1300 £¢-Lamberte were obraimed. For the imeproved CRT meaeured .8c the
aame lime width conditiena, pesk line luminsnces of spproximately 4300 snd 7350 fe-lambecls
regpectively, were achieved.

The peak line lusinance FOH iz wseful for indicating improvements made for aperating canditione
chap wight be zxpacted of an AMD for che presentstion of sywbology under daylight viewling conditicos.
CRTs of this type are also expécled Lo provide similar iwprovements far raster imsgery presencatioss.
However, cooprehensive CRT messurement at different spocisl frequencies and lumipsnce conditions, made
with CRT drive electromics which are capable of preserving the inherent perfarcance of these new CRTs,
were not availsble in time to include hera.

Operating & winlature CRT st the high lusipance, high curremt levils indicated in Figure 22 does
exact a toll, primarily a shorrened opevatinsg life. The curreat fawily of doproved CRTs is expected ro
provide only 70 ro 80 percent of irs poak peeformunce AfCer 400 hpurs of opsracion. The prime eulpeit
appesrs to be the eoisaion characteristics/life of the cathede, and not coulombic degradation of the !
phozphoe, Twproved cachode marerisla and deeigne, such &3 new low noize variants of dispenser .
cathodes, which operate at power lewvels chag do oot produce gevere grid eciesion, ere beiag sought, but
no clesr replacemsnt for refined high grade oxide cathedos has been fiemly established. AE che same
time, Eurther itevationd in aleceron pun design and phosphor scceen compositions sce expocted to
produce further ioproveoents of at least M pereent abeve the CAT perforaance depicted in Figure 22 by
the Eirst half of L3388,

INTECRATED HELHET SYSTEM (185)
CENERAL CONSIDERATIONS

During the VED UMD development LE was degtecmined chat a accceasful VED deaign effort would vequire
the design of a helmer whieh optimized the incegration of the optice and image source componenbs aboul
the head. Other tequire=ments, such sz the need o dewvonntrate a helmet ayetem that protected the human
in hoatile chemical aod biclogical envirommonte, alsa had an fmpact on the cypes of helmer systema that
wore evalved, TIndend, probably almost all HHD applicaticos, including narrow FOV HMDs, would benafig
substantially from 5 custom integrated helmet system design. A perfect awample iz the Kaiser, Inc.
"Agile Eya™ helmer ayaces which incarporates i heélmet ponition/orientation system and a HMBD, which can,
for twe different design variants, provide a monocular viger projected dizplay, with en instantansous
cirenlae FOV of either 12 or 20 degreesa. 3Bacsuse of the posl]l FOV, this syskom was :ble Lo lmpeove
vpoz helmet weight and OF chaxacberisbios eurcently found in vnwodified opervational £light heloweta
intended for wae 1o fighter aiverafc.

For the VPl effort, the inteprated helmet deaipgn accempted to provide the necessary operational
safety while pinimizing weight and optimizing C6, emhance the operation of VPD componenta, minimize
the impact of environmentsl factore om the vieual/suditery fenclions, and as posaible, pravide the
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_ FICORE 22
COMPAETEON OF MINIATURE CRT PERFORMANCE IMPROVEMENTS

necesaary comfort for eztended periads of-wear, Design features and congiderations that proved to be
most fuportant Lo Ehe suveeesslul Intégration of sach optical eystem desipgn were as follows:

1) The selection and pecformance of ghe HMD optics design
2) The helmetfoptica head atsbilization methedolopy
3] Helmet/optics imterface issues affecting adjustment capability for the oprice
&) Bagic helmet dasign alternativea
SELECTION OF UMD OPTICS DESICH/YERFORMANCE

The sclaction of a particular optical design comfiguratioa 18 jost as Lmporlant as its required
pavformance in its effecte on the affectivenaam of the final system hsrdware. Tha selections made
pften affect headfhelmer CG mare rhan weight, Figare 25 illustraces the mpst feasible HMD oprical
systen configurations. The location of tha optical syvscenm'e head=wmounted image sources imply a
particular ralasy optics design to bring the image to the human's eyes, - Locatian 1, which indicates a
mounting location anywhere actoess the top or crown of the helmet, permits 3 Teaszocnably aiople and short
relay optics, but results in a significant madification of the head/helmet €6 and a "topheavy" fealing.
Locationa 2 and J 3till aarmally utilize zelay optics of modest complexity, buk are located lower on
tha head, snd have a lesper, but peill sipnificant {sapecislly locationm 3} effect, on hesd/helmer OG. A
problem with locaticn Z, ie that it sormally ceccludes peripheral vision, and therefore, necessary
peripheral sation eues that are Important to military pilots during the performance of low lewel and
hovering flying tauks. One noteworthy advantage of location 3 ie that it provides the optimal path for
achieving large HND wertical FOVs, Howewer, if also presents 3 more difficnle problem for eliminsting
atray ilwages emanabing diveckly from the rolay optica to the ayes. Localion & provides an optimal
location for achieving "operationally -positive” modificatione te the head helmet CG, but reaulta in
excessive helmer veight for a given MY, This happens because, in suppoerting the high resolution/large
FOV operating conditions, esither heavy refractive opticm or Eiber optic image conduite, must be weed to
Ttalay the CRT images ta tha eyes, Lacation 5 presents 3 compromize that permits zhoeter fiber aptics
conduits or reasonably-sized high efficiency vefractive relay oprica to be used, while scill peaulting
in a hesd/helmet O0F modification that ie altersd in a desirable directionm. Normally, location §
emplaye a eefractive relay optics design, that carries the CRT image up and owver the ear, to the
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display combiper without significantly occluding periphecal viaioca. The YPB helmet systems dovcribod
in this paper have made use of only mouncing locetioms 1, 3, and 5.

HELMET ORIENTATION!POSITION
SENSING TRANSDUCER

GENERALIZED IMAGE PATHS
= =———" FOR EACH |IMAGE SOURCE
MOUNTING LOGATION

FIGORE 23
IES WOTHNTING LOCATIONS FOR VPD UMD COMPONENTS

The alteration of bead/helset OF te a1 erifical paramerter affecting the selection of the HMD optical
design, The VPD progeam i now in tha bresadboard acage, vhere Jdedigns and satorials ace fluctuabing,
and it has not beeo possible to predict head/helzet CF modifications, based upon dimenszional
predictions of helmet relationships and the densiries of the oacterials wged. Instead, the breadboards
are being completed, and then the Masp Propercies Imarvumene buile by Space Electronics, Ime. and
located at AAMRL, is being used to seasuve the center of masefgeavity and determine muss moments and
producte of imertis. These measureécents will cthen be veed to predict €6 based upon desired
modifications to a given desipn, ap improved agsteme sve fabricared far aperational testing.

Une additionsl important conmideracion that ¢an have a direct impact on integrated system depign is
the seseeptibility of the optical deaipn te seray lighe. Stray Llight paths can produce onwanged
reflectione of asbient structures within the AMD POV that cosmpéte in 4 very sbjectionable maaner with
the digplay imagery. The two majer factors affecting this problem are the selecticm of the image path
for a particular optical desigm, snd the eye relief provided for the display's combiner, Greater cye
relief leada to pore severs problemo. Light originating from bebind lhelmet, or overhesd often presenta
the most gevers problem, These problems, connoe ba fully corrected through the use of antirefloctive
costinge, smd usvally require the addition of opaque sections around the eptics or the extension,
and/or thickening of the helmet shell/liner combination, to block sbjectiomnabla etray light pathe.

HELMET STAPILIZATION

The inclusion of relacivaly large exit pupila and IPD adjustmene in thoe optice/heloet deaign iz not
enogh to imeure, during normal viewing/vperating conditions, that the helmet system will mot move
gufficiently, thua vignetting a portism of the display'e inatantanesus FOV, ‘Therefore, some sort of
atabilizarian schems wuat be incorporated. While there are saversl oprione, the approsch chosen for
the VPD HMD effpck waw ong which incorporated an axygen mask thet could be rigidly held with reapoct to
the rear porticns of the helwpet, a0 suggesced by the helmet coocept Lllustrated in Figure 23 This
arrangement allows o rigid Laver acrm ta be formed, berween the nape of the oeck and the bridge of che
noaes, that resisca both vertical and aideways movimant of che helmet. Thia scheme haas proved to be
very successful, 4nd clicinates most helmet positian hystevesia following rapid head-slaviag movements.
Gomfort/facial access must aleo be cansidéred, and most desizna allow a mask design that can be opened
te one side, althoogh a deaign employing mouncing location 3 sometimes effectively eliminaces this
aptien. 4An additional bensfit af chia Cype of helmet design ia that the optical daeign and aveociated
adjustment requiremsats mdy, through the ripid mask design, be raferenced to tha bridpe of the nose.
Thia schame cffera one of the most etable, veliable referenct methods Eor the eyes, given human
soatooical sharacteristics.
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BELMET/OPTICS INTERFACE L350ES

Three cypes of adjustments must be provided to properly positcion che opblcs with reapect to the
eyes:  hoelseatal {IPD), vertical, snd depth (eye relief) adjustments. IPD requiremants have alcesdy
boen dipcuseed in sufficiemt detail, execept bo Atress that the halmat aystem muatb permit ssparasta
indapendent adjustment of sach monocular, and the adjustment must be parallel and eolinesar to insure
that misnalignment oF the bivoculsr scene doos nok oecur For different adjustment points, anywhoce in
the allowed tange of movemant. Verticsl snd depth adjustmentz imply s personslized custom mounting
acheme. For the YD designs, this bas been accamplighed through the wse of & cuscom "thermal plastcic
liner (TPL]," developed by Centex, Inc., and inflactable slr bledders whose intednal pressure may be
controlled through the wsge of a miniature helmec-mounted finger pump and valve asesambly, operated while
viewing slignmenc pacterns on the display optice. Investigations aimed at determining whether this
mountiong!adjustment tochnique providss the desived amount af stability end comfort are angeing. Hajer
faatureg of the VFD IHS are depicted in Figuce 24.

FEATURES:

1. LIGHT WEIGHT KELVAR SHELL 4, PROTECTIVE POLYCARBONATE WISOR B AIR HOSE COMNECTOR

2 PLEMUM {PART OF LAVERED 3HELL, 5 OXYGEN MASK ASSEMBLY 8. FINGER AlR PUMP FOR EARPHONE/
AIR DUGT FOR WENTILATION) A HEADPHONE EAR CUP ASSEMBLY DISPLAY ADUUSTMENT BLADDERS

4. STYRAOFOAM LINER 7. TPL CUSTOM FITTED LINER 10. EARPHOME ADJUSTMENT BLADDER

11. VERTICAL ADJUSTMENT BLADDER

FIGURE 24
LHS HELMET 5YSTEN CHBARACTERISGTICS

HELMHT DESIGHN ALTERMATIVES

The iakegration of the VPO pptical pratobtypes inke cepresestative miliraey headgesr systems, uaing
gdvaneed Lightwoight Kevlar shells, bas resulted in 8 number of interesting helmer configurscipns.
These despigne were driven by @ nuober of commiderations; including the desice to achieve bthe lucgest
FOV exit pupil for a given HWD design approach, ewpected eperaticnsl conditioms in flipht test
aircrafk, abuse Chat novmal personal equipmest ondecgoes, difficulries wich doning camplex helmer
oyatems of this type, eafecy, pacticularly for rapid agress froo'a dagaged alr vehicle, and the
physical ptopecties of the designa aa discueaed for O, ete. Geveral of the oore interssting IAS
.breadbosrds are prapented hers in Figures 25, 24, and 27 for systews 3, 2, and 5 gespectively, Erom
Table 2,

The Dual Mirror system, Fipure 25, provides the second lsrgest FO¥Y of sny of che deaipna and
gchievae che lowest apticanl systew weight., Ite deaign is clomely integrated with the oxygen mask,
which aide in referencing the optical alignment to the eyes, but complicates the ability to remove tha
mask when the helaet is worn. The close integration with the mnask, led te a vear entey design, which
eliminaces cupbersoms, overhead doning of che helmec snd streamlines the placement of the oxygen mash
and optice over the face, The falda snd contoura of the helmet shell at ita base provide rigidity,
while roducing Che auwmber of KEevlar plys which most be used. The thicksess af Lhe helmet Liner has
been increased co.provide improve headform acceleration performance, and co reduce unwanted reflections
in the beamsplitter due Eoa ateay light ariginating Feom abave aned behind the helsat,

The Catadioptric system, shown in Figure 26, has a 10 percent smaller FOV cham the Dual Mirrar
syates; bub provides mueh greater eyve relisef and EPoproves imapge acurce transmispion efficiency by =
factor of three. The improved eye rolief and image source/optics inteogralion achicves a desipn, that
pernics Che aptics and image Apurce asdewbly, co be decached Fram the helmet and stowed in che cockpit.
Buch & deslgn prevents dan expensive essspbly from becoming a piece of perscnal oguipment subject ta
greater sbuse. Howevaer, this cspability ia gained at the ewpansa of incresssd helmet waight and
rotational moments, aod etrey light problems resulting from a larpe combiner/boapsplitter sssombly
located & velartively large distance fram the helmeb, Upwaed wizion, in pavticulay, ia greacly
resecicted, to provent savere overhead ctray light problese.
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Tha Off-AporTture systen, shown in Figure 27, depicts yot anather novael oprical system/lhelmee design
approach, This design locates the CRT imagn sourcom wortically, 4t the rear of the helmer, to improve
the head/helmer CC characteristics, This locacior precludes a rear maCry design, but ite lack af
direct invalvenent with the stabilizing oxygen mask permits the nask to be reoovable when the helmer
pyatanm is worn. The design utilizes a high efficloney refraceive aptical dosipgn to transport the CRAT
image to the combiner wirror viewiog surface. This poramics schieving lsuge scucee transmineion
officiencies of B0 vo B3 peccent, #ad also allows grester ambient tramamispion, while proaviding geod
image contrast, Excellent eve telief and clearance are nlee charscteriscics of chis design. Howaver,
syatan waight is high, although une of plastic sptice and ether systen rafinemants could greatly
i=mprove this conditiom,
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PROTOTYFE OFF-APERTURE OF[ICS/HEADCEAR BILEADBOAND
IMACE SOURCE DRIVE ELECTRONICS

Alehough sometimas given mocondscy consideration, the image soureo or CGRT drive alectronice, which
controls the binocular optics CATs as shown in Figure |, are extresely impartant componants, far YPD
HHD spplications. Their performance is a fundamental factor in the modulation transfer foncoion (MTF)
that the CHT can attain. The dsive olocktromicesn ales control most of the important Eacters relating ro
the custpalzation/inzegration of the CHT formats with reapeck to the optical design. For thin paper. =
relevane digcussion of design iwsues need only concern itself vith those [sctors, which are ericizal ta
the proper integration of the CATe and cheir image [ormets, with the aptics and headpesr. The issues of
greatest importanco are Lelt co be:

1} CRT-to-optics mapping correction

2) Derctation

1) Electronic alignment

4) Dther CRT X:¥ Defloction issuss

5) Power Supply performance
CET-TO=0PTICSE MAPFINC CORRECTLOM

Ar the discussion assoclated with Figure [7 has alroady explalned, the F=theea nspped aptiea
produces a type of pincushion distortion which must be corrected by ionleoencing barrel distortion of
the CRT image format, As mentioned im [01,02], parcially overlapped opties, which have their optical
axes turned eut, cen alao produce mild perspective distortion which i Crapezeidal in form.
Ordinarily, such distoctions could be specified by the optical designer, and che syncem designer could
insert the appropriste corrections uskag a truncated palynomial approximation with sufficient
correction terms in dedicated correction circultey assseiated with the doflection subsystem. However,
given the variation experienced between individual CHT electeron optics, the defleetion yoka, and the
physical alignment of che deflection yokes with the aloctrom optics during the manufacturing praoceas,
thase ideal condicions canmot be obtained, Therefore, each CRT must be calibraced for the parcicular
HMD design, and the correction coelflcicnts recoarded and entered into the control elements of the CRT



T

electronica. Mocmally, correction tersd Lo third order arn sufficient, which is fortunate, since cach
gddicional arder inplirs a coomensurate incrrase in deflection aleccronics bendwidch [22].  The
corcection terma most often wied are listed in Table 6. Thoir raspective elfects on the CRT "z X and ¥
axis can ba foumd in referance [O7].

TARLE &
CRT MAFPING (ORRECTION TERMS

X-AXIS DEFLECTION Y-AXIS DEFLECTION

X2 ¥2, xv2, Xiy2, x3, y3 Ky, X2, ¥2, %2y, x2y2 %3, v?

DEROTATION

For HHD applications it is spmetines desired that the display [ermot be waintained ar the proper
oricntacion with respect to the airerafe’s or slwelator's roll exie, repavdloss of che rall orientation
af the head, and therefore, the dioplay presentation. Maintainlng the proper acientatlon i9 waually
dccomplished through the use of roll sensing provided by o holset orieatation/positina measurenent
aystem whose roll ocutpur is Ted dircctly to the drive clectronics or, if o 2 or 3—dimensional graphics
pracessor L being used, directly to that subsystem A3 shown in Figure &, lor a partislly overlapped,
binocular system, the visual center of the optics i off center from Lhe CHT, aed the deroration to be
perforoed involves both a translatlon and deratatios on the CRT. Particular characterintice arc set by
the ¥P0 design conditions. This correctien must be perforced at the [ield rate, at wvhich the display
iz refreshed. The resoletien to which this correction must be accomplished has already been discussed
in sufficient detall in reference [22], Due to noise and bandwidth conpiderarions in the display
deflection electronic's subsyate=, and systonm iopleoentation iasuas concerning the uwse of sonsar
aystemn, dorotation of imagery ie usually pecformsd by the CRT slectronics, Derotation of wveectar
graphic ayobology is bast accomplihed at its source, and then trananiteed ia ecorrected fora to the GAT
drive eloctranics,

ELECTRONIC AL[CHMENT

Ao previously discussed, some electronic alignment must be perforned, to correct for reaidual
ereors in the alignment of the optics and in the reproducibla charscteristics of individual CRTs.
Alttiough cooplex alignment patterns have been enployed to carcfully check the ezact horizontal/f
vertical alignment of partially overlopped binocular displays, the sisple patteras shown in Figure 28a
and 28b ara uwsually sufficient, Thm pattern shoun in Figure 28a has been re¢omnoended in Ehe
literature, however the pastesn shown in Figure 28b appears Lo produce better results, becaurs there
are no identical structures presented to both eyes which the éyes might attempt to converge to
identical zetinal correspondence points, In addicion, the pattera shown in 260 provides exact endpoiat
natch capability, not provided by some of the open zeticle patcerns, which provide only horizeatal
Lines to one eye and vortical limes £o the othor. Aleo, results obtained az AAMRL show that thesas
patterns must bo Elashed in order o prevent improper convergenca of the display. A duty cyele pattorn
chat soems to work well is to repecitively flash the patteroa on [oc about 75 millisecoods, followed by
a 100 eo 125 millisecond dark perlad.

OTUER CRT DEFLECTION TESUE3

In sddition £o issuen relating to CHT X:¥ deflection quality, A nuaber of other issuas are
deserving of spme discussion. Due te the high resolution magnified CRT l[ormat imponcd by the ¥PD ¥OV
:unditinnj‘ where the sane iwpgp Fn:','nl. ia transmitted to cach eye through diffarent PUIII‘.&I}I of n
partially overlapped optical system, on-axis defleclion linearity im critical. Linearicy is usually
gpecified to be in the range of 0.5 to 0.25 percent. To achieve such linearity with nioiature CHTs, a
class=A linear deflection amplifier desipgn is mormally required. Class A amplifiers causd heat
dissipation to become an important design issue. VFD CAT design which stresses highor acceleration
potenciale and, therefore, sciffer e-beams, exacerbatos this problem. Teo support this pecloroanca, law
capacltance cabling and low inductance/capacitance, high curcent doflection yokes using only ferrite
cores arn anployed. Theds raquirements, coupled with rhe deaire to achieve small dimensional sizes for
the electronics, often requires the wuse of condnetive liquid cooling, rather than coovective air
eooling fer the CRT wlectronics.

Alpo, an can be obescved fron Figure &, the CAT i# ovaracanned in the horvizoncal directlon to (1}
ebtain the largest format poanible for the normal &4:3 aspect ratio, and to (2) cane the optical design
problen. To pravent domage at che ¢dpe of the ORT caused by eleetron beam heating, the beam sust be
blanked {turned off} sutomarically ar a given radial distance, wsing an operating mode oocoally
referred to as "circular blanking”. The extinction of the e-beam is controlled by the magnitude
(1x+¥1) of ita radfal diatanca from the deflection conter of the CHT, based upon CRT quality area size
and any additional deflection correction control that ie active. There arc scveral methods esployed to
accozplish cireular blanking, howover, methbods thar esploy slev equare root circuitry are to be
avoided.
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POWER SUFILY PERFORMANCE

The HYD optics magnify the UHE [oceplate imogery, from B to 19 times that of the eciginal imagecy.
Magrifications af this order are sufficient to make electren hean spot noise, rastar line jittee and
drive electrdnios powss sepply toide both noticeable and abjecticnalile. 'This makes power supply eoise
aod ragalazion apecifications wvary izportant.

Tho intaraction of the CAT drive eleccraniz's powvar sopply noise and ripple wich the display
imagery, can produce complex effects, Thede arcifacts produce movement aof the display imagers visible
e the homan sparater, depealding upan their Frequeancy and amplitude as a4 funecion of angular sebbennoe
on the didplay. This is partieularly brue Far silicary power supplics, that seilize high fraquensy
suitching designs. As an exaaple, congider Lhe Implementation af a (225 line, 2:1 lnterlace scan
Farmak oa an MMO with a 50 d.l:gz'l:.l: harlzantal FOU, Thae sécan line "oo time” for o 1215 line cace is
sppruclmacely 238 picroscconds, which implies that one degree on the dinplay equals adout 0.5
nicroseconds, Since visenal contrast sensicivity peaks ar about 3 to 4 cycles per degree, a switchlog
power mupply with a vipple Erequency of & to & pegaherte had a switching frequency thot cowld cause
cyelical patterns where the eye in nost sensitive. Alternately, a switching supply operating at 500
kiloherez, nay he sufficiancly vasavad, (f ripple amplicude ia low enougl, Co aoderate such of faeca,
The polnt here is that iunteractions of this iype should be thoroughly iovestigated for all anticipated
speracing cenditions.

Tha adilicy ta obtain the needed perforeance s, in curn, dopendent upon che specificacion of a
reasdpauble ser of CRT vwoltages, wiljustiment ranges for thoss voltages, and the naximum osperating
currente that are allowed, Tahla ? provides a ot of specifications for che latesat CHT desipns chat
provide aperacing margias whleh pernit ninimal power supply nobee and regulation requirements to be
=k,

TABLE 7
CET DRIVE ELECTRONICE FUWER SUPPLY REQUIREMENTS FOR INPLOVED STD BIPOTENTIAL GUN CRT
| _VOLTAGE | CURRENT | !
VoLTS | MICROAMPS e

PARAMETER MIN MAX | WIN MAX | AND NOISE | REGULATION

&NODE (SCAEEN) oo | 1350 oo ang =0.05% E <1.5%

G, (FOCUE) 1000 | 3003 [ o0 1,000 <005% | =00%

Gy (ACCELERATOR) oo | 1500 | 0o 100 = 0.08% | <01.1%:
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