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1. I n t rod uct io n

Am ong the di ˜erent l iqui d crysta l di splay techno logies the t wi sted nem ati c
l iqui d crysta l display (TN -LCD ) is the m ost extended devi ce [1]. TN- LCD s ex-
tra cted from vi deo pro jectors or pocket tel evi sions have been wi dely used as spa-
ti al light m odul ato rs (SLM) in appl icati ons such as im age processing or di ˜ra cti ve
opti cs. In opti cal signal pro cessing they serve to intro duce the scene and the Ùlter
in real ti m e opti cal correl ato rs [2{ 4]. TN- LCD s m ake also possible the im plem en-
ta ti on of di ˜ra cti ve opti cal elements (D OE) who se characteri sti cs can be changed
dyna mically [5{ 8]. TN{ LCD s are also interesti ng for wa ve f ront contro l in adapti ve
opti cs [9].

In general two ki nds of opti cal responses are desired for these appl icati ons:
am pl i tude- only m odul atio n and phase-onl y modul ati on. Some stra tegies have been
pro posed to have the TN- LCD wo rki ng in either the ampl i tude- only or the phase-
-only m ode [10, 11]. However, wi th new TN- LCD s these strategies lose e˜ecti ve-
ness. New TN- LCD s have a larger resoluti on, forci ng a decrease in the thi ckness
of the devi ce to pro vi de a faster response for the addressing of the pixel s. The
decrease in the thi ckness shortens the dyna m ic m odul ati on range of the devi ce.
D avi s et al . [12] dem onstra ted tha t the use of the eigenvectors of the LCD [13]
resul ts in a great im pro vement in phase-only modul atio n wi th respect to the case
in whi ch onl y l inearl y polarized l ight is consi dered.

W e dem onstra ted in R ef. [14] an opti m izati on pro cedure leading to am pl i -
tude- only and pha se-onl y m odul ati ons for thi n-LCD s. The eigenvecto rs of the LCD
can be consi dered as a parti cul ar case of our m ore general pro cedure. W e have to
appl y a novel el lipti cal ly polarized l ight appro ach and we have to use a short wave-
length. Thi s opti mizati on pro cedure is based on a simpl iÙed m odel we proposed
for the physi cal pro perti es of the TN- LCD [15]. Thi s m odel is abl e to predi ct wi th
a hi gh degree of accuracy the am pl itude and pha se modul atio ns intro duced by the
TN- LCD . The m odel assumes two m odul atio n param eters whi ch vary wi th the
appl ied vol ta ge. The values for these two vo l ta ge dependent param eters can be
found by m eans of a reverse-engineering appro ach given in Ref. [15].

In thi s paper we revi se the pro cedure pro posed to obta in a requi red com plex
am pl i tude m odul ati on wi th TN- LCD s. Fi rst, in Sec. 2 we show the appro ach tha t
we fol low to characteri ze the perf orm ance of the TN- LCD accordi ng to the m odel
tha t we proposed in R ef. [15]. Then, in Sec. 3 we dem onstra te the opti m izati on
pro cedure leadi ng to am pl itude- only or phase-only m odul atio ns, whi ch are the
interesti ng regimes for a numb er of appl icati ons. Fi na l ly, in Sec. 4 we give the
conclusi ons of the work.

2. R ever se-en gineer in g ap pr oach wi t h p red ict io n cap ab i l it y

2.1. Model for the per forma nce of the T N -LC D

TN- LCD s are Ùlled wi th nem ati c l iqui d crysta l compounds. They are com -
posed of rodl ike m olecules arra nged wi th thei r long axes pointi ng in a com m on



Charact er izat ion of t he Li quid C rystal Di splay Mo dulation . . . 191

Fig. 1. Tw ist â and tilt ˚ angles of the molecula r director n .

ori enta ti on, the so-cal led di rector axi s ori enta ti on n. Nemati c m ateri als exhi bi t
uni axi al opti cal and electri cal properti es. Under the appl icati on of an electri c Ùeld
the di rector axi s reori entates. The polarizati on state of l ight tra versi ng the cell
depends on the opti c axi s ori entati on, whi ch has changed wi th the Ùeld- induced
di rector axi s reori enta ti on [16]. In Fi g. 1 we show the distri buti on of the di recto r
axi s n in a TN- LCD . T o determ ine the ori enta ti on of the di rector axi s we need
two angles: the twi st angle â and the ti l t angle ˚ . The di recto r axi s twi sts wi th re-
spect to the so-cal led twi st axi s, tha t we consi der para l lel to the Z -axi s. The to ta l
twi st angle ˜ from the entra nce to the output face is usual ly about 90 degrees in
twi sted-nem ati c devi ces. W hen a vo l tage is appl ied the m olecules tend to ori enta te
para l lel to the Z -axi s. W e note tha t the l iqui d crysta l m olecules are forced to lay
para l lel to the surfaces (˚ = 0 ) at both sides of the TN- LCD .

In order to analyze and study the opti cal perf orm ance of the l iquid crysta l de-
vi ces we need to know the ori enta ti on of the m olecul ar di rector n across the devi ce.
In Fi g. 2a and b we show the real isti c pro Ùles as a functi on of the appl ied vol tag e
respect ively for the twi st â and the ti l t ˚ angles. W e can see tha t these proÙles

Fig. 2. Beha vior for the tw ist â and the tilt ˚ angles for di˜erent voltages: (a) and

(b) | realisti c proÙles, (c) and (d) | the prop osed model.
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vary nonl inearl y wi th the depth z of the devi ce. These nonl ineari ti es are pro duced
because the m olecular di recto r in the vi ci ni ty of the surfaces of the TN- LCD is
not free to m ov eas the di rector in the center [16]. T o calcul ate the di rector proÙle
acro ssthe devi ce we need the values for the physi cal consta nts of the l iqui d crysta l
m ateri al and the fabri cati on param eters of the TN- LCD , whi ch are not pro vi ded
by the m anufa cturers. Thus, we are forced to use a reverse-engineering appro ach.

In Ref. [15] we pro posed a simpl iÙed m odel for the TN- LCD , based on the
m odels by Lu and Saleh [11] and by Coy et al . [17]. The proÙlesf or the twi st â and
the ti l t ˚ angles accordi ng to our pro posal are shown in Fi g. 2c and d, respectively.
W e di vi de the TN- LCD in three regions, as i l lustra ted in Fi g. 3. On the one hand,
two edge layers, wi th a vol ta ge dependent thi ckness d 1 ( V ) each of them , where
the l iquid crysta l molecules are una ble to ti l t and twi st, thus acti ng as two wa ve
pl ates. On the other hand, a centra l part, wi th a thi ckness d 2 ( V ) whi ch exhi bi ts
a hom ogeneous ti lt and a l inear twi st wi th the depth of the devi ce. Theref ore,
the to ta l thi ckness of the TN- LCD d i s d = 2 d 1 ( ) + ( ) . In pri nci ple = 0 ,
i .e. no edge e˜ect exists, when the appl ied vo l tage is smal ler tha n the thresho ld
vo l tage .

As a result of the m odel we deÙne two m odul ati on param eters, the so-cal led
bi refri ngence of the centra l part and the bi refri ngence of each edge layer,
who se values vary wi th the appl ied vo lta ge. The expressions for these bi refri ngence
parameters are given by ( ) = ( ) Â ( ) and ( ) = ( )Â ,
where is the wa velength of the inci dent l ight. Â i s the di ˜erence between
the extra ordi nary and the ordi nary indi ces of refracti on along the propagati on
di recti on of the l ight in the TN- cell . Â varies wi th the ti lt angle , whi ch changes
wi th the appl ied vo lta ge . It is a maxi mum , Â , when = 0 , as at the
edge layers. Hence, the to tal bi refri ngence of the TN- cell is + + . W e note
tha t the reta rdance generated between the extra ordi nary and the ordi nary rays
pro pagati ng para l lel to the -axi s across the TN- LCD is twi ce thi s value, i .e. the
to ta l reta rda nce is 2 + 2 + 2 .

The Jones matri x ( ) of the devi ce accordi ng to thi s m odel is
given by [14, 15]
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M L C D ( ˜ ; Ù ; £) = exp (À i ( Ù + 2 £ )) R ( À ˜ )

˚
X À iY Z

+ i
(1)

where

= cos cos 2 sin sin 2 = cos sin 2 + sin cos 2

= sin (2)

wi th = ( + ) , and ( ) is the two -dim ensional ro ta ti on matri x, i .e.,

( ) =
cos sin
sin cos

(3)

W e can see tha t the Jones matri x of the devi ce depends on the to ta l twi st angle ,
and on the two bi refri ngence param eters and whi ch vary wi th the appl ied
vo l tage.

2.2. Charact er izat ion result s

In the reverse-engineering appro ach, there are a numb er of param eters tha t
we ha ve to calculate to ful ly characteri ze the perform ance of the TN- LCD . W e can
group these unkno wns in two di ˜erent categori es: the vo l tage independent and the
vo l tage dependent unkno wns. There are two vo lta ge independent unkno wns: the
ori enta ti on of the m olecular di rector at the input face of the devi ce (wi th
respect to the laborato ry coordi nate system ), and the to ta l twi st angle . The two
vo l tage dependent unkno wns are the bi refri ngences ( ) and ( ) accordi ng to
the model we propose. The work in thi s paper has been done wi th a LCD panel
Sony Mo del LC X012BL, extra cted from a vi deo pro jector Sony VPL- V5 00. The
Sony LCX0 12BL is a 3.3 cm di agonal acti ve matri x thi n Ùlm tra nsistor (TFT)
panel , wi th V GA resoluti on (6 4 0 4 8 0 pixel s). The pixels are square wi th a pixel
center to center separati on of 4 1 m and a clear aperture wi dth of 3 4 m. W e use
the electro nics of the vi deo pro jector to send the vo l ta ge to the pi xels of the LCD .

The vol ta geindependent parameters have been calcul ated by m eans of kno wn
techni ques [18{ 20]. For these measurements we use the unexpa nded beams for four
di ˜erent wa velengths: 633 nm from a He{ Ne laser and the 514, 488, and 458 nm
from an Ar laser. W e i l lum inate the TN- LCD wi th l inearly polari zed l ight. In
T able we summari ze the values obta ined f or the vol ta ge independent unkno wns.
W e can see tha t wi th these techni ques we also obta in the value for the maxi mum
bi refri ngence exhi bi ted by the TN- LCD , whi ch corresponds to the bi refri n-
gence value when there is no vol ta geappl ied to the devi ce. W ehave found tha t the
bi refri ngence values at di ˜erent wa velengths are scaled. Our experim enta l ra-
ti os are 1.3, 1.4, and 1.56, respect ively, for the 514, 488, and 458 nm wavel engths
compared wi th the 633 nm wa velength.

The vol tag e dependent param eters ( ) and ( ) are calcul ated usi ng the
techni que we propose in R ef. [15]. W e insert the TN- LCD between two l inear
polari zers wi th thei r tra nsmission axes in speciÙc orienta ti ons. The norm al ized
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T ABLE

V alues of the voltage indep end ent parameters. ˆ d |
the orientation angle of the director axis at the en-
trance of LC D.

˜ ˆ d Ùm a x (deg)

(deg) (deg) 633 nm 514 nm 488 nm 458 nm

{92 46 147 193 208 231

tra nsmission of the TN- LCD inserted between two polari zers, wi th tra nsmission
axes at angles ' 1 and ' 2 wi th respect to the di rector at the input and at the
output faces of the devi ce respecti vel y, is given by

T ( ' )) = [ cos( ) + sin( ) ] + [ cos( + )] (4)

The nonl inear curve Ùtti ng of intensi ty tra nsmission m easurements using
Eq. (4) pro vi de us wi th the values f or ( ) and ( ) . In order to obta in a better
accuracy the m easurements have been taken at three speciÙc conÙgurati ons of the
polari zers (( = 0 = + 9 0 ) ( = +4 5 = 4 5 ) ( = +2 2 5 =

+1 1 2 5 )) , using the four wa velengths (633 nm , 514 nm , 488 nm , and 458 nm ). In
our Ùt we use the wav elength dependent rati os obta ined for the o˜- sta te bi refri n-
gence ( ) to scale the values of ( ) and ( ) for the di ˜erent wa velengths.
Al l the experim ents were conducted wi th the bri ghtness and contra st contro ls of
the vi deo pro jector at 50 and 100, respectively. W e have measured the intensi ty
at interv als of 10 gray scale levels (G SL). For the Sony VPL- V5 00 vi deo pro jector
electronics, the vo l ta ge decreases m onoto nical ly when the gray level increases. In
Fi g. 4a and b we show the set of values obta ined for the bi refri ngences ( ) and

( ) at the four wa vel engths. The last data point, labeled OFF, corresp onds to
the measurement ta ken wi th the vi deo pro jector swi tched o˜.

In Fi g. 4a, the values increase m onoto nical ly wi th gray level. At GSL = 0,
is appro xi m atel y zero. Thi s m eans tha t the l iquid crysta l molecules in the centra l

Fig. 4. V alues obtained for the voltage dependent parameters at the four wavelengths.

(a) Ù V , (b) £ V .
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region of the LCD are to ta l ly ti l ted, and the appl ied vo lta ge exceeds the satura ti on
vo l tage. Ab ove GSL = 230, Ù reaches the o˜- sta te value. Thus, the appl ied vol tag e
is lower tha n the thresho ld vol tag e V t h . In Fi g. 4b at the o˜- sta te state point £ i s
nearl y zero, i .e. no edge e˜ect exi sts in the o˜- sta te. The £ bi refri ngence increases
wi th the increase in the appl ied vol ta ges (decrease in the gray levels), achi eving a
m axi mum value £m ax of appro xi matel y 25 degrees (458 nm ).

2. 3. Ac curacy of the proposed model

The compl ete kno wl edge of Ù( V ) and £ ( V ) al lows the calcul ati on of the
intensi ty tra nsmission curves for any other conÙgura ti on. To show thi s point let
us consider an arbi tra ry conÙgurati on ( ' 1 = 0 = 4 5 ). In Fi g. 5 we show
the exp erimenta l m easurement (sym bols) and the theoreti cal curve (l ines) for the
458 nm wa velength. The three di ˜erent l ines show the theo reti cal curves calcul ated
usi ng the di ˜erent reverse-engineering models.

The Lu{ Saleh m odel shows the wo rst agreement wi th the experim ental data .
In the case of the Coy et al . m odel , the best Ùt to the experim enta l data is ob-
ta ined usi ng the consta nt value = 8 9 degrees. The agreem ent is im proved, but i t
is not good enough to pro vi de accurate opti cal tra nsmission calcul ati ons. Cl earl y
the calcul ati ons m ade wi th the model we have proposed coincides perfectly wi th
the experi menta l data . The excellent agreem ent val idates the model and the char-
acteri zati on techni que pro posed to obta in the relati ons ( ) and ( ) .

3.1. El l ipt ical ly polar ized li ght setup

In R ef. [14] we dem onstra ted a techni que whi ch al lows us to obta in the
requi red m odul ati on wi th thi n TN- LCD s. W e generate an ell ipti cal polarizati on
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sta te to i l lum inate the TN- LCD , and we detect another ell ipti cal polarizati on
state. The scheme for thi s archi tecture is i l lustra ted in Fi g. 6. The wa ve pl ates
W P1 and W P2 intro duce reta rdances of 2 ¢ 1 and 2 ¢ 2 , respecti vely. The angles of
the elements in f ront of the TN- LCD are referred to the ori entati on of the di recto r
at the input surface (whi ch we supp ose tha t coincides wi th the X -coordi nate axi s)
whi le the angles of the elements behind the TN- LCD are m easured wi th respect
to the ori entati on of the di recto r at the output surface.

Fig. 6. Scheme for the generali zed ellipti cal light setup.

The electri c Ùeld EO U T at the end of the opti cal setup, is given by

E OU T = P 0 R ( + ) ( ) (2 ) ( + )

( ) ( ) (2 ) ( )
cos

sin
(5)

where represents the Jones m atri x of a l inear polari zer ori ented para l lel to the
coordi nate axi s, i .e.,

=
1 0

0 0
(6)

and (2 ) i s the m atri x of a wa ve pl ate centered on the coordi nate axi s, i .e.,

(2 ) =
exp( i ) 0

0 exp (+ i )
(7)

Thus, the resul ta nt com plex am pl itude tra nsmi tted by thi s system is given by

= exp( i ( + 2 ))( + i ) (8)

where and are real magnitudes who se expressions are as fol lows:

= [cos cos cos( ) sin sin cos(2 ( ) + )]

+ [ cos sin cos(2 + ) sin cos cos(2 + )]
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+ Z [cos¢ 1 cos¢ 2 sin ( ' 1 À ' 2 ) À sin ¢ 1 sin sin (2 ( ) + )] (9a)

= [ cos sin cos(2 ) sin cos cos(2 )]

+ [ cos cos cos( + ) + sin sin cos(2 ( + ) )]

+ [cos sin sin (2 ) sin cos sin(2 )] (9b)

The intensi ty tra nsmi tta nce for thi s system is obta ined as

= + (10)

and the phase-shift is given by

= 2 + ata n (11)

Thi s setup is general enough to incl ude as parti cul ar cases the classical
system wi th l inearl y polarized l ight and the eigenvectors system . W e note tha t
the classical system consisting of two l inear polari zers, corresp onds to the case
2 = 2 = 0 . The system to generate and detect the polari zati on eigenstates
of the LCD [12] corresponds to the case 2 = 2 = 9 0 wi th the restri cti ons

= = 0 and = .
As ( ) and ( ) have al ready been m easured, i t is possible to perf orm a

computer search for a desired m odul atio n. In the opti m izati on pro cess we assign
ini ti al arbi tra ry values to the angles , and , thus, the tra nsmi tta nce
and the phase-shi ft can be calcul ated using the analyti cal expressions in Eqs. (10)
and (11). The opti mizati on cri teri on to be appl ied depends on the compl ex tra ns-
m i tta nce modul ati on we are interested in.

In case two variable wave plates are avai lable (f or instance using Soleil {
Babi net compensato rs), the com puta ti on of the search for a desired m odul ati on
m ay also include and as free parameters. In any other case the avai lable
wa ve plates Ùx the values of and .

For the com puter search presented in the next secti ons, we have arbi tra ri ly
chosen two avai lable wa ve pl ates wi th a reta rdance of 2 = 1 2 5 degrees and
2 = 9 4 5 degrees, respectivel y, for the wavelength 458 nm . The rest of the
m agni tudes, , and , are left as free parameters in the opti m izati on
pro cess.The case2 = 2 = 0 (only polari zers) has also been consi dered in a new
computer search, correspondi ng to the situa ti on when no wave plates are present.
Al l the resul ts tha t we show have been obta ined wi th the 458 nm wa velength of
an argon laser.

3.2. Ampl i tude-only modulat ion

In the ampl itude- only modul ati on we seek a conÙgurati on tha t combines
the next three f eatures: Ûat phase response, high intensi ty contra st (ra ti o between
the maxi mum and the m inimum intensi ty tra nsmission values), and
m onotoni c and linear intensi ty tra nsmission response wi th the gray level. The
opti mizati on cri teri on tha t we appl y for the computer search is a tra de o˜ between
these three condi ti ons.
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Fi gure 7a and b shows respectivel y the intensi ty and the phase-shift values
as a functi on of the gray level appl ied for the only polari zers conÙgurati on and
for the general conÙgura ti on wi th wave plates. W e show the experim ental values
(sym bols) and the predi cted curves (l ines). Excel lent agreement between predi cted
and experim ental values is obta ined. For the case of only polari zers, the opti m iza-
ti on search leads to the polari zer tra nsmission axi s angles ' 1 = 9 1 , and ' 2 = 8 9

degrees. The tra nsmission axes of both polarizers are pra cti cal ly perpendicul arly
ori ented to the di rector axi s at the input and at the output faces of the LCD ,
respect ively. Thi s is the conÙgurati on tha t has been usual ly considered in the l i t-
erature as the opti m um one for ampl itude- only modul ati on. For the general case
wi th wa ve plates the opti m izati on search leads to the conÙgura ti on given by the
angles ( ' 1 = 1 1 6 £ ; ² 1 = 9 6 £ ; ' 2 = 6 2 £ = 7 ). W e can see(Fi g. 7a) tha t in the
general case wi th wa ve plates the intensi ty tra nsmission is monoto nic and wi th a
very l inear slope.

In di splay appl icati ons the m ain concern is to have a hi gh contra st ra ti o, but
in appl icati ons where am pl itude- only modulati on is requi red we also need a Ûat
phase response. For the conÙgura ti on wi th only polari zers the range of phase-shi ft
is 124 degrees, whi ch is far from a Ûat l ine. In the general case wi th wa ve pl ates,
the ampl i tude- onl y m odul ati on has been greatl y im proved wi th respect to the
case wi th only polari zers: in the general case the range of phase-shift is as low as
18 degrees whi le keeping good values for the intensi ty contra st and a low value
(about 1%) for the minimum intensi ty tra nsmission . An importa nt resul t
is tha t we have demonstra ted tha t va lues as low as 18 degrees for the range of
phase-shift are possible wi th a twi sted-nem ati c devi ce.

3.3. Ac cur ate predict ion of phase-only modulation

An opti m um phase-onl y conÙgurati on m ust pro duce a Ûat am pl itude m od-
ul ati on and a phase m odul ati on wi th a phase depth of 2 radi ans. The cri teri on
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we f ollow is to minimi ze the di ˜erence between the m axi mum and the minimum
tra nsmi tted intensi ty T ma x À T m in over the enti re vol ta ge range. The intensi ty
tra nsmission may not be m axi mum , but we are interested in a conÙgura ti on for
whi ch i t rem ains consta nt.

Fig. 8. Phase- only mo dulation . Only p olarizers and general conÙguratio ns. N ormalized

intensity (a), phase- shif t (b). T he symb ols corresp ond to experimental measurements

and the lines corresp ond to predicted values.

In Fi g. 8a and b we show, respectively, the intensi ty and the phase-shi ft
values versus the gray levels for the only polari zers conÙgura ti on and for the general
conÙgurati on wi th wa ve plates. W e show the exp erimenta l values (sym bols) and
the predi cted curves (l ines). Once again we see the excellent agreement between
predi cted and experim enta l values. For the case of only polari zers, the opti m izati on
search leads to the polarizer tra nsmission axi s angles ' 1 = +2 2 , and ' 2 = À 2 1 de-
grees. For the general case wi th wave plates the opti mizati on search leads to the
angles ( ' = +2 6 = 1 6 = 0 = +1 1 ).

As exp ected for a thi n-LCD , the setup wi th onl y polari zers provi des a very
bad perf orm ance: 50% of intensi ty vari ati on. For the general conÙgurati on wi th
the wa ve plates we see tha t the opti mum conÙgurati on pro vi des an almost ideal
phase-only modul atio n wi th a very uni form intensi ty tra nsmission and a vari ati on
of the phase-shift Â of nearl y 360 degrees. Theref ore, the use of ell ipti cal ly po-
lari zed l ight and short wa velengths al lows us to obta in an alm ost ideal pha se-onl y
m odul ati on conÙgurati on.

W e have proposed an opti m izati on procedure to obta in the desired com plex
am pl i tude tra nsmission wi th a twi sted-nemati c LCD . W e have obta ined polar-
izati on conÙgurati ons leading to a phase-only modulatio n and an am pl i tude- only
m odul ati on, whi ch are interesti ng conÙgura ti ons in opti cal pro cessing and in di ˜ra c-
ti ve opti cs. W e have demonstra ted the need to use wa ve pl ates in front and behind
the LCD and the need to i l lum inate wi th short wa velengths when worki ng wi th
thi n-LCD s. The opti m izati on pro cedure is based on a sim ple physi cal model whi ch
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is abl e to predi ct wi th a high degree of accuracy the com plex am pl itude tra nsmis-
sion of the TN- LCD . W e use a reverse-engineering appro ach to characteri ze the
two m odul atio n parameters Ù( V ) and £ ( V ) in the m odel .
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