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SEOTION 1

INTRODUCTION

This report is the fiazl report en the work performed on NASA Grant

NGR 39-004~038 at Drexel University dufihﬁ thé perlod 1 January 1972 to

31 March 1973. The oljective of the program was to design, develop and
fabricate a liquid-crystal, visual-display aid to alr navigation. The
display was to be used to.locaté an alrcevaft on a standard navigational
chart when activated by two independent VOR signals., A prime consideration
was t§ make the display sufficiently inexpensive to encourage its widespread
use dn private as well asrccmmcrcial-éirtrafta This work is a continuation

of a program started in January 1971,

1.1  Scope of Program

The scope of the program described in thjs report includes the design
and fabricatiog}of the liquld crystal display, the design and fabrication of
the electronic intexrface between the VOR system and the display and a study
of the stability;of.the liquid crystals'under operating condifions. Demoﬁ~ |
stration models were to be fabricated from available liqulid ecrystal materials;
no attembt was to be made to synthesize liquid crystals, but techniques were

to be developed to ?urify commercially available méterials.

1,2 Program Orgenization

The*work'dESCIibed in this Teport was performed at Drexel University in
the ggadugte_research laboratozies of the'Physigs'ahd Electrical Engineeriﬁg '
Departﬁeﬁfs iﬁcluding:i Professor Lerd's laboratory in*Disque Hall; and
Professor Hatcovich's nicroelectronics laboratory'in‘éﬁfatfoﬂ.ﬁail. Three

. faculty members and three studgﬁtS-ﬁefe engaged in this work.,



1.3 Summary

A ten—by—ten inch display panel was designaed and fabricated. fauals
made frem aluminum-Mylar laminates were not satisfactory due to peeling and
poor line definition. Panels made frqm copper-Kapton laminates in the
parallel line contiguration geowrtry were not satisfactory due to Kapton
residue left in the Kapton chanrasls. Panels made from copper-Kapton laminaves
in the perpendicular line conflguration gecomelry wers satisfactory and were

used extensively in this report period.

Lifetime studies on liquid crystals were continued and extended to
include newly available liquid ecrystals and testing in ccntrolled anbients,
These tests indicate that lifetimes in excess of one yrar are posélble. A
nethod &or purifying liquid crystals and improved quaiity control techniques

were developed.

Voltage sensitive cells were made and tested, but.they do not appe&&

to be practical for the'present application,

The electronic system was designed and fabricated. A practical phase
detector and encoder was fabricated and tested, Arlt integrated circuit
driver was désigned and fabricated, but severe problems developed when it
was used tq.érive display cells; the cells failed after short periods of
o#eration.-ﬁExtensive effort was made to solve this'pfoblem, but it was uot
fully resolvid even at;the end of the program. Tests made near the end of
thelprogram’ihdicated that DC operation may be practical. A simple decoder-
driver was designed based on DC bpexation. -

A paper, "A Large, Flexible, Liquid Cryétgl bispla&.@e}lf was Présenféd

at the IEEE Conference on Diéplay ngicéé held‘ﬁn Octdbér 11, 12, 1972 in-
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aide

New York City. A paper, "Variation of NC Douwain Threshold in Hematlc Liquid
Crystal under Comtinual Dynamic Scattering' was published in the Journal of
Applied Physics, Vol. 44, No. 1, January 1973. Both papers are based on work

performed under this program duving the current report periad.
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SECTION 2

SYSTEM CONCEPT~

2.1  Description

SRR e L i ABE T ay

The navigational aid comprises two, ten-by-ten dinch, Cransparent,
flexible, display panels and interfzce elzetronies forlconverting VOR data
to diréctional data for the displays. A display penel, shown in Figure 1.1,
comprises a radial pattern of electrically conductive line pairs, Iiquid ;
crystal material contained between the line pairs, and addressing and

activating electronics. The interface electronics comprises a phasc

detector, encoder, register, decoder and driver.

2.2 Operation

In operation two displays would be placed on a standard navigational”
chart and centered on appropriate VOR station locations. The directionalur
data from each station would be detected und encoded and sent to the display
panels. The panel electronics would décode the signal and activate the
radial line most ciosely'approximating the alrcraft divection from the VOR
station. The activated line would turn a "milky-white" and would be clearly
' distinguishable from unselected lines. The intersection of fﬁg selected

lines on the two panels would indicate tha aircraft's location on ihe chart.

2.3 Design Criteria

A prime objective of the program was to make the navigational aid
sufficiently inexpensive to encourage its use in private as well as commercial
aircraft. . Consequently standard integrated siteuits were to be used; the

display was to be integrated circuit compatible and the display itself was




to be inexpensive. As reported in the first annual report, the intra-
electrode spacing required in a parallel configuration cell is 12y,
Maintaining this spacing over a ten-by-ten inch square would be very
difficult if rigid electrodes were used. Consequently, ordy flexible

electrode materials were considered for the displavs.

Since maﬁy lines weré to be used on the display, the connector vas
potentially a high cest comysﬁent. To reduce the number of pins requlred,
the line seléction datz is transmitted in coded form. This procedure
requires additional elecltroumics, but the circuits in dntegrated form are

relatively inexpensive.

2.4 Basic Display Cell Configurations -

The two basic configuraﬁions for the liquid crystal cells are
described in.Sections 2.4,1 and 2,4.2, In both cases the liquid crystal
is contained between conductive electrodes and the electric field, E, due
to the applied voltage is perpendicular to the electrodes. In both con-
figurations the‘resistivity of the liquid crystal cell is very high
(~10° ohm-cm) and only small currents flow when:thé voltage is applied.

Although small, this current is essential to the operation of the cell and

the physical design must reflect this requirement. The operational charac-
teristics of these cells were determined in the first phase of this programl“{

and are reported in the first annualjreport.' A voltage sensitive cell was

evaluated in this phase of the'prograﬁ and the results are presented in

* Section 2.4:3,
2.4,1 Parallel Configuration

In tﬁe.parallel configgration.shown in Figure 2.la the direction of

the incident Iight is essentially ﬁarailel to the electric field. At least'




one of the conductive electrodes used du this ceafilguration must be
tfanSparunt. I the dynmmic scottering phononcnon 18 to be obhserved by
reflected 1ight, the back electreode shoulq he highly reflective. . If the
phenomenon is to be observed by transmitted light: both electrodes nust be
transparent. The optical path length, d, is related to the elactric field,

E, through the relationship: L = V/d where V is the applied voltage,
2.4,2 Perpendicular Configuration

In the perpendicular confliguration shown in Figure 2.1b the direclioa
of the incident light is essentially perpendicular to the electric field.
. In this configuration transparent electrodes are pot required and the optical
path length is independent of the electrode spacing. A highly reflecting
surface must be placed in the light beam if scattering is to be ohserved by

reflected light,
2.4.3 Voltage Sensitive Cells

Investigations were made into utiliziag a recently reported electro-
optic effect in nematic liquid crystals possessing positive_dieleccric
anisotropy. This effect makes use df é twisted nematic structﬁta to provide
a 90° phase rotation pf light passing thr0ugh a tﬁin cell. Thv twisted
structure 1s achleved by rubbing the transparent eléctrodes so that the
nematic molecules allgn along the electrodes in the direction of rnbbing.

The cell is made by orienting electrodes with their alignment u;rcequns
perpendjcular. The directrix of the medium then continucusly rotates 90°
from one electrode to the other. 1f the cell is. placed between aligned
polarizers such that one of the polarizerb is oriented at 90° to the molecﬁlar

direction of its adgacant eleutrode, the cell then appears dark in transmitted



_ light. 1If a voltage is appliad Lo the elcetrodes, the molecules align
parallel tb the field, that is in the direction of light propagation. 7he
light in the cell now travels along the optdc axis of the medium and
experiences no optical rotation; hence, the light is freely transmitted by
the aligned polarizers., This effect requires a lower voltage than dynamic
scattering. In the several 12y thick cells made, a voltage of 5 volts AC
or DC provided a striking physlolopgleal coutrast ratio. It was noted,
however, that this effect was very sensitive to the surface preparation of
the Nesz electrodes and it was difficult to get a uniform ovientation over
the entite electrode. Cells made from mylar electrodes with an evaporated
metallic coating were not as functionsl as the wylar substrate is itself
optically active, and intexrferes with the operation of the cell. While this
effect provides gooﬁ;light valve ope;ation at low voltages, the difficulties
inﬁblved in treatiﬁg the flexible slectrodes and maintaining the pioper

orientation precludes its use in the present application,



SECTION 3

© LIQUID CRYSVAL MATERTALS

3.1 Availsble Materials

Nematlc type 1liguid crystals were used in this program. These
materials, which are normally transparont, becowe milky-white vhrs a field
is appiiad due to the "dynauic scattering" of the Incident light. Several
compyanics supply nematic liquid crystals on a commercial basis. Host
available nematics are in the iiquid érystal state at teuperatures above the
normal ambient; however, several are available which function at room tewper—

ature. These are listed together with the suppliers in Appendiz A,

3.2, Quality Control

The quality of the liquid crystal is significantly affected by absorbed
water and gases and by.exposure to ultraviolet radiation. The effect is due
- % decomposition of the liquid crfstal and can occur in storage or operation.
-éEbSt commercial materails are reasonably pure when received, but quickly

absorb water and gases.

The nematic-isotropic transition temperature is a convenient and
accurate mezsure of crystal quality. Decomposiiion products and dissolved
gases lower the degree of nematic order and so the tfanéition temperatuze,
Test results on fabricated cells indicate that the liquid crystal transition
temperature must be within a few degrees of its fheoretical value to achieve

satisfactory device operation.

Two procedures were initiated during this phase of the program to
improve the 1uality of the liquid crystals, They are described in the

following sections.




3.2.1 Storage

In the initial phase of the contract the liguld cryst&l materials were
stored at roonm temperature. When the transltion tenperature measuremcnt was
introduced as a éuality control measure, the transition tgmpératures of all
the materials in stock were found to be at least 6°C beiosw the manufacturers’
specification. Suhsequently, all matevials were stored in the dark and
under refrigeration. This procedure was intended to minimize degradation

due to decomposition of the liquid crystal.
3.2,2 Purification

Experimental data indicated'ghat_the_txansigion temperature of the .
degraded liqui< >rystal could be raised-by use of the following procedure:
the crystal was placed in a vacuum desiécator and heldrat a temperalure
above its transicion temperature for a perlod of BEVEiéi hours. During the
process, bubbles of escéping gases, presumabiy water and volatile decom—
positiun broducts, were observed. By use Séi;his przoess the transition

'tem?erétarés of the liquid crystals could be réised to wit#in 2°C of the

manufacturers specification.

3.3 Stability Tests

The stability tests*initiaLad in the first phase of the program were

' conpglﬁed. Two. new liQuid cfgstal materigls;‘Merck-Licristél V and Eastman
. Neﬁaticuﬂiit#ﬁe 11643, and two new éleétrode materials; silver and nicﬁel,
were added to the test; Thg same test prﬁcedﬂres weraﬁh04?inuedfﬁgthe celis
were in:the baralléi coﬁfiéuratiog, the'sﬁaciﬁg was Sﬂigﬂjénd-ghe exciﬁaﬁi;n
was AOt;Slgs ét 6o Hzrexéept.és n;ted, - These data are preéenﬁed'in‘ApPendix

.
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3.3.1 Lifeiiue ' ¥
3.3.1.1 Standard Cells
The longest-lived crystal was Merck Licristal IV; the
longest~lived electrodes were Nesa and Nesatron glass. The most stable

metal film electrodes were those made from aluminum; cell lifetimes were 3

comparable to those made from Nesa and Nesatron glass. Several cells have- :

R ot

exceeded 589 days of continuous AC operation.

" 3.3.1.2 Controlled Ambient

Since liquid crystals are known to degrade when exposed to
notmal anmients'aﬁd”ultravioiet'iight, lifetime tests were made on samples

held in dry nitrogen atmospheres and shielded from light. The dry nitrogen

»

.

atmosphere can be approximated in displays by hermetically sealing the cell

and the light shield can be approximated by use of ultravioiet filters.

3 e ﬁmmdw st g e

Since long lifetimes were expected, the cells were operated with DC excita-
tion. Previous tests indicate that failure ﬁnder DC operation is muchjmore'
rapid than unde}.AC ﬁ?eratioﬁa Test cells were made from Varilight 1047
liquid crystal and;ﬁésa glass in the standard configuration., Cells plaged
in the.proteéggéf;ﬁbient continued to operate after 34 weeks of continuous
DC excitation. Similar cells in the normal laboratory amblent failed after

one week of continuous DC excitation. v

3.3.2 Failure Analysis

.Cells-méde with evaporated,thin metal films hgd a 1grge wiumber of
.electrode fallures. Iifetimes of these cells did nct'apagaf to be 8 measure
.of 1iquid_crysfa1 stability but_ﬁgther_a measure of the gtaﬁ%}ﬁty qf the thix-

"

o=
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films. The copper electrodes used in the tests made sluce January 1972 woeye
evaporated on glass over a thin layer of chromlanum to iwmprave continuliy and
adhesion. Half of the failures in copper~clectrode cells occurred in the

area wvhere the electrode was exposed to the air,

A distinct interaction vas observed between Eastman Mixture No. 11643
liquid crystal and copper and aluminum electrodes., All fallures in nlckel
cells ocourred iu‘the reglon exposed to air. Half of tie electrode failures
in silver cells occurred in the part exposed to air, Failure in cells with
gold electrodes all ovccurred through the liquid crystal with subsequent

burning of the material; the apparent cause was local peeling of the gold.

3.4 Basic Properties:
3.4.1 Birefringence

- The coﬁLrasfuratio obteinable in a memaiilc liquid crystal device is
primarily deendent on the optical anlboLrnpy of .the llquid,c1ystal -The
best measurement of thiis anisotrepy ié'the blrafringence of the crystal;
cqnseQuegtiy, the study bf.birefringence iniuiaﬁed_in the first phase of

this program was continued in the second phase

The oirefringence was’ “measured by use,of a ﬁed iaterference
;‘teéhﬁlque, The wedge-st placea in an elec;rical 1y heafed'ovenxtdnprovideﬂ
T teﬁperatufeiccntrol and the &htite assembly was plaCEd.bn a micrdscope Qtage.
Ik:-The wedge weas iilnminated by a G 5 my He~Né laser poiarizéé at‘an an;ie'df
45° to the optic axis (malecular ulract;on} of the nematip medlum 80 that

;ﬁthe components of ;he bean perpﬂqdlcular and parallel to the optic axis are

of qual amplitude. Aﬁ_aach o£ these‘cgmpanents travels through the medlum

ot
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12
with a different index of refraction, for certain path lengths in the wedge,
destructive interference will occux between the two component waves and a
series of equzily spaced dark fringes is seen in the wedge. An eyepiece is
used to measure fringe spacing as a function of tedgerature, Tie birefrin-

gence, n

e ~ g, can be computed through the relation:

whera } is the wavelength'of\the 1llumination, Ax, the fringe spacing and «,
the apex angle of the wedge. Tipure 3.1 gives the birefringence as a function
" of temperature for all the commercially avallable room temperature nematic
materials,

Although liquid crystals are birefri&éent, their uniaxial nature makes
it possible to measure the ordinary index of refractiomn, ny, of an unoriented
sansple by uéﬁng a standafd Abbe refractometer, The refractometex Qged had
provisions for altering the temperéture. Thus ng was measured as a function
of temperafure,'in the same temperature inﬁerval as n, - ng. Hence the values
of both n, and n, as a funcFion of temﬁerature have been obtained. A subse-
quent analysis of these data talong with the density'méésurementé reported

in 3.4.2) will be made to test a recently proposed modell for the interaetion

of nematogenic molecules.

3.4.2 Density _ f;‘_ _ _ i

!

A basic factor involved in the interactions that cause the orienting of

nematic molecules is tha'aensity of the material,:-g;sog tﬁe'discontinuity in

"Theory of Birefringence of Nematic Liquid Crystals,” S.-'handrasbkhal,
D. Kirshnamurti and N.V. Hadhusudana, Molecular Crystals -and quu1d
Crystals, 8, 45~49 (1969) ' :

g e bl s
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the ezxpansion of a sample of liquid crystal wulerpoing & phase transition i
a fundamental quantily which must ue accounted for by the verious theorelic:zl
medels for newatic orxdering. As many of the roon temperature liquid erystals
in this project were synthesized oniy recently, there was a necd for basic

data to be reported for these materials. .

To measure Eﬁe density of a matertal, a known welght was used to fill a
dilatometer, an instruwnent consisting of a volumetric flask with a graduated
'capillary. The dilatometer volume was previously calibrated against several
known liquids. The instrument was then immeréed in an insulated bath‘which
was slowly heated. As the material expanded with temperature, the volume was
noted and_tHé density of the material caleculated. The data arc presented in
Figure 3.2 anc clearly show thé discontinuity in volume at the transition to

the isotropic state.

These data, along with the indices of refraction are presently being
analyzed after the model proposed by Chandrasekhar, et al, to determine the
relative contributions of various intermolecular interactions to nematic

ordering. o ' ' : o ' N
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SECTION 4

DIiSTLAY DESIGH AW FABRICATION

4.1 Display Design

The layout of the display, shown in Figure 4.1, has not changed
cppraciably from that described in the 1971 annual report. The a=ztive area
of the display is nine inches in dlameter and contéins 36 lines spacéd 16°
apart. Attemplis were made to fabricate each of the basic cell coufigurations
described in Section 2.4; the perpendicular configuration proved to be more

practical, but neither was fully satisfactory.
4.1.,1 Design Considerations

The design criteria to insure visibility were established in the first

phase and presented in the first annual report. The lines were to be 30 to

i 40 mils wide and opaque. These lines were wide emough to be visible when

Aactivated yet,ﬁot 50 wide as to obscure information on the chart, The

selected line was to be pulsed to improve visibility and a refiective line

backing was to be used to improve contrast.

To insure reasonable lifetime, the liquid crystal cell should be

hermetically sealed and should not come in contact with the sealants or v

other adhesives. Excitation should be AC although recent data suggest DC
can be used (Section 3.3.1.2) if a protective ambient is provided.' First
phase_data indicate operation should be in the 0 to 60 Hz range and 60_Hz

was chosen for convenience,

4,1.2 Line Desigﬁs‘ : o

The preferred perpendicular 1iné design is shown in Figure 4.2. The

‘base is Mylar coated on both sides with aluminum. The back side aluﬁinﬁm is




o
T Y

\

E e LR

15

etched to the overall line width to provide a reflective backing and thea
front side aluvminum is etched into the line pattern shown in the Figure.
Aluminum metallization is preferred beccuse of its stability in contact

with the liquid erystal (Sectien 3.3.1.1) and because it is a good reflector.
Mylar is preferred becauvse of its transpare&ﬁy and color (water-white). The
mylay cover is coated to winimize reflections. The aluminum spacer is
intended to ;eép the cover out of contact with the liquid crystal. *The cover
would be sealed along the outer edge only, to prevent contact of the liquid

crystal with the sealeant.

The preferved parallel line design is shown in Figure 4.3. The use
of copper and Kapton reflécts fabricafion problems. The substrate must be
etched and tgchniqueg for etching Kapron were available., Although mylax
etching proceéses were reported, thé processing procedure could not be

determined,
4.1.3 Materials
4.1.3.1 Substrates and fonductors

Metal-plastic laminates can be made in a large variety of
materials and thicknesses. Unfortumately procuring %hese materials in
reascrnable quantities was very difficult. Of the many maﬁerials sought,

the follewing were the only materials received:
1. Kapton substrate two mils thick, coated wifh % oz. copper from
éhesfortlin Company. | | .
z}“hﬂyiﬁr substrgte two m;}s ;hié?,‘coatéd on one s;dé withiﬁppz.“k

' cqﬁber and the other with %'milJthick aluminum from TME_&Eimany.

o] i e
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A

2

3. DMylar suhztrate two wmils thicl, coated oo one side with 4 nil 7
thick zluminuw zndon the other with two il thiclk alurivun fron i

THE Compaiy. ' g

4, Transparent gold-coated, flexible plastic from Libefty Glass 5
Company. i

4

5. Transparent silver-coated, flexible plastic from DuFont. ?
The Kapton laminate was made without adhesive between the coppar %

and the Kapton. The Kapton wae tramsparent, but had a distiuct yellow color. 2
. 2

i

The Mylar laminates wzra made with a Mylar type sdhesive between the layers.
This adhesive should have no more effect on the liguid ecrystal than the Mylar

substrate. The Mylar was transparent and warer-white,

" 4.1.3.2 Covers and Sealants

An antiveflection coated.ﬁiéiible, transparent palastic material
was obtainad from Optical C;ating Laboratoxy, Inc. for use as a cover ﬁateriﬂl
for tne perpendicular cell displays. Two sealing materials, RV 732 and
RIV738 were obtained from Dow Com*ﬁ.ng Company for use in sealing the covers.

ever the liguid crystal cells.
4.2  Fabrication

The display paneis ware fabricated by Towne'Labérétories of Somerville,
NEW'Jersey.. Etching tecﬁuiques were developed and e#éluaﬁed ét=Dre3e1 (see
first annﬁal repdrt); ﬁoﬁéVér, the display panels ware 0o 1arge to be
faﬁficated in'£heIEQuipmént aﬁaiiablc at Drgxei.

4.2.1 Process Limitations

A1l attempté to fabricafe.displayjpanels with alumiﬁum electrodes failed.

The samplics chtained had poor line“definition and.podr'gdheséen'of conductor to
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substrate. The etching of fine line patterns of the reguired dimensicns iu
alundnum is within the state-of-the--avt; hovever, the starting materisls munt
be smooth, uniform and stronely adherent. Suitable waterials could not be
obtained from the suppliers since the quantitics involved were small and pro-
jected use uncertain. Delivery timos on laminates averaged well over two

months.

Good quality perpendicular geometry displays made from copper-Kapton
laminates were obtained and uscd.to fabricate models, The parallel geometry
displays made fyowm the copper-Kapton laminates had good line definition, but
were defective in that considerable Kapton residue was left in the bottom of
the Kapﬁbn'éhanuels.; |

4.2.2 Perpendicular Configuration Displays

The perpendicular line configuration is shown in Figure 4,2, Because
of the long narrow geometry the liquid erystal was inserted In the line
before the cover was attached. The total volume to be filled is less than
one microliter. Care was taken to keep the 1iquid crystal from the sesl area
or a good seal coﬁld not be made. To accomplish tﬁe filling, a five micro-
liter cépacity syringe was used. The syringe had a Teflon plunger, a hollow
platinum needle andné final Teflon filter; The syrinée was mounted.on a
projection microscope equlpped with a 40_power iens. _The micrqscopeiﬁas
enclosed in a clean hood. The.lines were fiiléd;by use of the syringe.while

they were observed on the projection screen. The liquid ciystal was purified

and its transition temperature was measured prior Eo.use. No difficulty was

experienced in filling the lines or keeping the seal area ciean. The covers ..

in the original models were attached by use of double sided maskigg';ape;j
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Because of the difficultics with Lbe elecirvonies (secclion 5.3) only a fer

sanples weore made vhicl were sealed with RIV compouyl,
4,2,3 Parallel Configuration Displays

The parallel configuration cell is shqwn in Figure 4.3. The cover of
the parallel cell must be electrically comncluctive and transparcat and its
conductive side must cone in contact with the liquid erystal. Two cover
materials were obtained; a gold coated plastic from Liberty Glass and a

silver ceoated plastic from DuPont,

Two problems are encountered in fabricating this cell, One was removing
the Kapton from the channel; the other was sealing the cell. 7 8ince the chan-
nel is four inches long, 0.015. inch wide and only 0.0005 inch in depth,
filling the chanmnel after capping was iwmpractical. On the other hand when
the covér'was placed over the chamnel after it was filled, the liquid crystal
was dravn into the cover seal area by capillary action and the cover could not be
sealed, To eliminate this problem, a cocling plate was built so that the | |
liquid crystal could be frozen while the covar was installed. The cooling
plate was placed in a dry nitrogen box to prevent condensation of water vapor
when the sample was cooled. Several cells-gere fabricated and mechanically
strong seals were made. However, the celis were ei;bei_inoperative ﬁr operated
over small areas only. Examination showed that the channels had Kaﬁton
residues.af the bottom of the channels and"thét the conductors on the pléstic
peeled. Attempts to clear the bottom of the .chanrel were unsuégessful and no
other transparent coﬁ&uctive plastics Were,avéilabie. Becausé of tﬁese

—difficulties_use of this nonfigufation was discontinued.
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SECIIod 5
ELECTROITICS
5.1  Electronic System Deoion

The electronle system was designed to accept the VOR sign s aud drive
the appropriate line on the liquid crystal display. A block diagram of tho

system is ghown dn Figure 5.1.

The iaput is obtained from a VOR bearing indicator and is assvmed to
comprise two 30 lz square wave signals which rapresent the 30 Hz reference
signal (£;) and the 30 Hz bearing signal (fy). The signal gous through a
phase comparator whose output is a pulse of leugth propoxtional to the phase
difference. The pulse length is measured electronically by having the com-
parator output pulse gate a 10.8 K( signal through the encoder. The output
pulse contains one cycle of the 10.8 KC signal per dégrge of phase difference,
These pulses are counted and the directional data stored.in the register.
These dalta are sent to the display where the Inzut is decoded and the appro-

priate line driven to the "on" state.

5.2 Phase Detector and Regiéﬁer

The detalled circuitry of the digital phase detector is shown in Figure
5.2. The phase differgnce between f; and f, is determined by the phase com-
parator consisting of the binary flip-flops FF; and sz, and.ghe EXCLUSIVE-OR
gate consisting of AND gates G} and G,, and NOR gate G3. The initiai states

of flip-flops FF, and FF, are mnknowa, but regardless of their initial states;

a negative going edge of £, will transfer the state of flip-flop FF; into that

of flip-flop ¥F,. Similarly a negative going edge of £, causes flip~flops L 308]

and FF, to assume opposite logical states. The output Gg.of the NOR gate will

T
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be a lozical zero In thal care; 3F Lhe two [lip-ilops ave in the san: Jopicsd
states, the oulput of Gz will be a logleal one. It follows than that Lhe
phase lag of {7 with respect to £ is indiecated by the duration of a losienl
onz at the output of the EXCLUSIVE-OR gate. If the output iz a2 logical onc
for the entire period of f£) the phase lag is 360°. A shorter oulput pulse
represents a'proportionally snaller phase differcnce. This is 1llustrated in
the timing diagram (Figure 5.3) which shows that the output of C3 is a logical
"1" for 120°. The output of the EXCLUSIVE-OR gate serves as a clock Input to

the JK flip-flop FFj.

The phase difference Is modulated using NAND gate Gy and the timing
‘oscillator ft. The outpul of Gy oscillaktes betweea logical 0™ and V1V at
the rate of ft only when_qutpuﬁ of Gz and the C output of binary FFz are
logical "l"'s; Since FFg.diVideS the frequency of f2 by two, the pulse burst
at the output of Gy occurs once for each two input cycles as shown in Figure
5.3. The number of pulses in each Ewrst is proporticnal to the phase dif-
 ference between £] and f£5. The timing oscillator is set at a frequency of

10.8 Kllz so that each pulse in a burst corresponds to one degree of phase'

difference between the signals f; and fj.

The nunmber of pulses is counted by’the three ﬁécodevcounters Dy, Do and

D3. The counter Dj divides tbe number of invomlno pulses by a,Iacbor nf ten. ..~

The counters D2 and D3 provide a blﬁarywcodedﬂdecimal count of the pnaSQ
difference. The registers LA; and LAy are used to store this information
at the end of counting cycle. The output of the registers is altered only if

the phase difference between £1 and fa changes.

The setting and_resettingtof the decode counters is'accomplished by

a two stage counter made of an EXCLUSIVE-OR gate and flip-flops FFy and FFj.
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These two flip-flops huave thedr J and Kinpuls tied Lo the ouljut € of

FFy - the output of the NOR gate Gy serves as che clock dnput.  The decode
counters DI; D, and Dy are reset if both flip-flopz FF), and FI'y are in
logical onc state. The registers are cortrolled by the output ¢, of Fiy and

the output ¢ of ¥Fg.

The sysizm was fabricated from TTL integrated zircuits, The éircuits
used were: Toxas Tustrunents Nos. SH74101, SN745IN, SHN7472¥, SH7473H,
SN7490N and Tairchild No. 9308. The SR7410K is a triple input NAND gute;
The SN7451N is a dual, 2 wide, 2 input AMD-OR-INVERT circuit; the SN7472N
is a J-K master-slave flip~flop; the SK7490N is a decade counter and the
" §930% is a dual 4 Dit lateh. The System'was'testéd by iﬁsérting'simulateﬁ
VOR signals and observing the étate of the roglsters as a funcrion of the

phase difference of the input signals. The system operated satisfactoritLy.
5.3 Driver

The driver used originally to drive*tﬂe perpendicular configuration
display comprisgd a variac, a relay,apd a step-up transformer. The relay was
used to provide the pulsed operation énd the primary source of power was the
60 Hz mains, The driving voltage required for good contrast ranged from 100

to 200 volts.

An integrated circuit equivalent of this driver was built around the
Dionics DIi207N decoder and dri?ér. ~Ihis unit is rated at 225 volt maximum
reverse bias. The circuit dizgram for the integrated circuit driver is shown
in Figure 5.4. Two square wave generators are used: . generator I operatés

at 1.5 Hz and generator II at 60 Hz,  During half the 1.5 Hz cycle the

K
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trapsistors in the Dionies unite are twined of 5 and poings A aud B ressin

at voltage, V. Duering the othoer half cyele the trarsistors aye slterosicly
turned ou and of [ at G0 llz producing the voltage wovefores ac A and b showu
in Figure 5.5. 1In operntion, the liquid crystal cell ds connccled bolirecn
A and B as shown in Figure 5.5. A typical cell has a meosured capecitonce of

8.2 pf at 60 Pz and a resistance of abaut 30 M.

The driverrcircuit was fabrlcated and tested. When a dumiy resicLance
load was used to simulate the eell the driver operated satisfactorily. Wheu
an operational cell was connected, the cell functioned for a short pericd of
time and then failed. The failure mode was determined .o be a drop in call
resis:ance from many megohms to a few ohws. Simflnr cells opevated on the -
relay-vsriac Lype driver did not fail.
Initially the failvres were attributed to dirt in the liguid crystal
which caused bridging under the influence of the high firlds. Such bridges £

would also be formed when the velay driver was used, but they woirld be

O R

burnt-out by large surges of current from the drivex. Such surges could
net be obtained-from the integrated driver. This theory was supporced by
the following experiments. - When newly fabricated cells were connected to
the relay driver and the volt.ge was slowly increased some cells burned out;

others showved a large vari tion in resistance and then stabilized at 15 to ' #

30 megohms. Stabilized cells could be driven by the integrated circuit

driver for perlods of two weeks without failure.

As a consequence of the above sata, elaborate precautions were taken
to keep the liquid crystal clean, for example the use of a final Teflon filter

on the filling syringe as reported in Section_4.2.2; When the carefully pre-

i

pared cells became available and wete-tested there was no improvement of

performance.
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Measurenant of coll resistance and copoeltance were made to daternian
if long RC time constaznbts could le influencing the optrating conditions.
E.veral models ware propesed, but the loagast RC time constant ohtalued in
any mndel wos less than a millis:cond which Ls short compared to all the
driving Cregquemcles. .

The most recent theory is that the failures are due to dielecﬁric
breakdown. hen operated at 150 volts the driver produces a field of
30,000 volts/em, Liquld crystals in parallel cells were subjected to fields
in excess of‘SO‘QOO valts/em and there was no indication of breakdowm.
Howvever, in the.perpendicular configuratlion cell the etched lines can con-
tain numerous sharp pro3 ctions which would serve to inteesify the iocal
field perhaps to the extent that local breakdowns occur, If this is the
case, low conductance bridges would be formed by the breakdown currents

which vould be externally limited by the imtegrated circuit driver.

It was found in the coﬁrse of these studies, that a cell could be
driven from a 60 V DC source if one terminal of the cell is grounded. The
cell could be pﬁlsed at - a L.5 Hz rate and the visibility was comparable te
that obtained on the relay driver at higher voltages. A cell was driven in
this manner for two weeks without chauge in contrast or resistance, It was

then connected to the integrated circuit driver and it failed in ten hours

of operation.

-OperatiOn on DC was not ednsidefed eariier'eecauee of anticipated
lifetime problems; however, the recené lifetime data suggest that nc operetion
'may be fractical The flirst program phase data shcw Lhat a given contrast
ratie can be achieved at much lower voltage operation ‘on Du than that .

required for operation at 60 Hz.
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5-4 Decodor

The decoder design was delayed in antleipation of a solution to the
driver problem. When operation on a 60 V L souwrce woas demonstrated, a
decodrr was designed based on the use of that type of drive. %The decoding
and drive afr;ugement for three lines is shéwn in Figuwve 5.6, To turn a
particular display line on, the corresponding switch must be turned on to
provide a current path between the voltage source and the ground. In the
off state these switches must withstand the 60 V DC supply voltage, have a
leakage current of less than 1,064 picoamps and ﬁ resistance (Roff)-of the
order of 10!'? chms. Commercially available MOS switches, for instance Solid
Staﬁe.Sciéntific, Inc. SCL&OiSA;.Qéfi§f§Hfhé imﬁéged.feﬁuiféménfé on the
leakage currents and the magniﬁude Of_Rbff but are incapable of switching
60 volts. Thﬁs the proposed selection system is not realizable with tpday's
off-the-shelves devicés. Since Dionics can make a driver that has a reverse

voltage iimit of 225 volts, sultable drivers should be technically feasible.

The arrangement of thé“-complete selection system for 36 lines is shown
in Figure 5;?f -Except fof the switches all.domﬁoqents are commercially “
"~ available. -The 36l;iﬁ35 are arranged in four ééés, three of ten lines and
one of éix lines..uiﬁe data.in.r;gister LA, is ﬂécoded ;nd uéed to coﬁngct
the voltage source to 6ﬁérof the four sets, The dagé‘iﬁ register LA, is

decoded and used to short one of the sets of ten lines (0 to 9) in the vertical

columns. .Ohly one line will be connected both to the supply:and to ground and ..

s0 only one line will be selected. Pulsad operation can be achieved by use of

the 3 to 5 Hz driving circuits shown to the rigﬁt of the Dionics Transistor

—Amray:
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A total of nine pine is required on the displey pansl connector: saix

«~r address signais, one for the driving voltage, one for the pulsing sizacl

and one for ground.
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SECIIOH 6

SYSTEM EVALUATION AUD CONCTUSTOHS

6.1 Systen Evaluation

6.1.1 Display

The display comprised a ten-by-ten inch, flexible array of radial
lines. Two designs for the radial lines were considered: paraliel znd

perpendicular configurations.

The parallel configuration line é;nmetry was simpler but severe
fabricaticn and material problems were encouritered. XKapton free channels
could not be fabricated in the large displayé although sitaller samples
could be fabricated by exercising careful process control. Flexible,
transparent, conductive meterials for use as electrodes were obtained, but
the conductive coatingiéps not stable in the presence‘of the liquid exrystal

and practical operating cells could not be made.

Voltage and visibility considerations led to the designrof'a multiple,
fine-line pattern for the perpendicular coﬁfiguration lines. Sultable dis~
play patterns were fabricated from copper~Kapton lamlnates, but attempts to

- fabricate displays from the preferred alumlnum-Fylac laminates were frus-.

trated by materials problems,- The materials problems included quality and

availabillty These probléms could prdbably be solved if large volune pro—

el -r.

“duction was antlLlpated buu the eﬁtendud flne 1ine detern required Would

/:

probably resuk% in low yields and cohséquent high cost.

Simulated 0peratlon of 1iquid crystal cells indicated that the 1ong
term stablllty of the 11quid crysta1 cell would be adequate if the,llquid

C crystal were maintained 1n_a_protective-ambient,_ Ogﬁration on DC may evenr

. L giras
u;:';ﬁ"

RErT

A5 e e

T | B

LY e e

¥
4
3
4
4

#
E
o
d
i

i -



27

praciical. Unfertunatzly, sealed display cell units did not becomz avallable

until the end of the program, aad lifetino tests on these cells could not bLe
completed. Lifetimes in excess of one year are sutdeipated.

6.1.2 Electronics

The electronie system comprised a phase detector; an  encodexr, a drivcrr
and a decoder, The driver aud decoder were to be contained on the displzy |

and as a congequence only nine connections had to be made to the 36-line

display.

A practicel phase detector and encoder was developed but serious probleus

wers encountefgd with the integrated circuit driver. These problems resqlted
in substantial delays and: precluded camﬁlétimn of a fully operational displaf
model, Thesé problems were mot fully resolved é?eu at the end of the program.
Indications at the end of the.program that a DC drive could be used léd to the
deslgn of a very simplé drive and deccdes system. The decoder cannot be imﬁle—
mented until a 60 V FET switch becomes avaii;ble, but all other components are
commércially available integrated circuits. When a suitable switch becones
availabxe and 1f DC operation is feasible,.theﬁ the proposed daesigns reéresént

a simple and practical electronic interface system.
6.2 Conclusions

A navigational aid of the type proposed is technically feasible although
some problegs must still Se solved, Howevey, the projected low cost for the
‘system dOesJappear éftéinabie in-the-neér futﬁré. Ugless a need for a high
priced system of thi type develéps, additional work in this area doés not

appear appropriate;
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