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capable of being controlled independently of the other signals.

Phased array radars have the advantage that the radar beams can be steered electronically
by changing the phase or timing of the signal radiated by the individual elements of the array.
Often, this is accomplished by controlling the phase of the signals applied to the array elements.

15  This procedure introduces undesirable squint if very short pulses or broad bandwidths are
required. True time delay offers a scheme for controlling the elements without squint even with
broadband signals.

Electronically implementing the true time delays is generally impractical because of the
need for many long lengths of strip line, waveguides, or coaxial cable, which are expensive,

20  bulky, and temperature sensitive. Because long paths are comparatively easy to obtain optically,
photonic systems present a means of obtaining the beam agility of array systems combined with
wide bandwidth. Approaches to true time delay tend to fall into two categories: those using
fibers and those using long free-space paths. Some fiber approaches use multiple optical
switches or broadcast the light over all possible paths at once. Wavelength-division-multiplexing

25  schemes have recently been developed by use of fiber Bragg gratings. Free-space systems have
1



switches or broadcast the light over all possible paths at once.

Wavel engt h-di vi si on-nul ti pl exi ng 25 schenes have recently been devel oped by
use of fiwero1Biegy gratings. Free-space systens have 1 WOPQT/UG0e/2341
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SUMMARY OF THE INVENTION

The present invention includes time delay devices and time delay systems. The invention
also includes machines and instruments using those aspects of the invention. The invention may
also be used to upgrade, repair, or retrofit existing machines or instruments, using methods and

15  components known in the art.

The present invention comprises a true time device that falls into the free-space category
but uses a multiple-pass optical cell with refocusing mirrors that has the advantage of avoiding
beam-spreading problems. This approach differs from previous free-space approaches in that it
uses only one optical switch or spatial light modulator instead of one or more switches for each

20  bit. In this approach the microwave signal for each antenna element may be modulated onto an
optical beam. After the individual optical beams are delayed by the desired amount of time, the
signals may then be down-converted to microwave signals for further processing. This process

may be used in either the transmit or the receive mode of the phased array radar.



optical beam After the individual optical beans are del ayed by the desired
anount of tinme, the signals may then be down-converted to m crowave

si gnal s fwp ofioreker processing. This process may be usedPCA/GSHe/B61t he
transmt or the receive node of the phased array radar. 2 WO 01/014924
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requi r egh b oRgai Mirdd} RbpRd to reflect the light beams emerging from the set of optical elements,

and (7) a receiving device capable of responding to the delays in the light beams reflected by the
output mirror. |

The device for producing optically-controlled incremental time delays of the present

15  invention may also include at least one system of optical transmission lines or waveguides

wherein the lengths of the light paths may be varied in a confined space consisting of a subset of

the optical elements. The spatial light modulator may consist of a polarizing spatial light

modulator which changes the polarization of individual light beams directed to the spatial light

modulator. The use of a polarizing spatial light modulator then may require the addition of a

20  beam-splitting device that can direct light beams through the system of optical elements in

multiple directions depending on the polarization of the light beams after passing through the

polarizing spatial light modulator. The device may alternatively include a micromechanical or

deformable mirror device spatial light modulator capable of reflecting the individual light beams

in multiple directions, thereby determining the optical path.
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20 beam splitting device that can direct |ight beans through the system of
optical elenents in nultiple directions depending on the polarization of

t he |i ghtwbeatsi92ad t er passing through the polarizing spatPcalusbi/ggss:
nodul at or. The device nmay alternatively include a m cronechani cal or
deformable mrror device spatial |ight nodul ator capable of reflecting the
i ndividual |ight beans in nultiple directions, thereby determ njing the
optical pat HhedighDsoueeadepted Frrgonestomezadial Tiakt beagior saysefdichtheanesdon
generate individual |ight beanms or arrays of |ight beans from one or

sever alondior e&ieral Mretiohsimay indmds nadh dbeices aslasess,| aas ngs, ardclight emstting dibdes.ght
emtting diodes. The receiving devices capable of responding to the del ays

may i nefyd | RECh 19&%@%&1 @ Sthe Riclhydi R8¢ SinclBAOtdeeices asich aRd
oY o o SecBRUE BRYRLE dafible REHGFTARE! & Ahe Richhyd) igure 115 a top view

of a standard Wiite cell on whigh the. pr invention is based. Figure 2
is a frﬁ%‘?g‘:’%&%@@%PHﬁ@PdW ga?tS‘fhofCl‘f‘Fea% \ ?rge?&fj‘l&a %t nodul ator, along with one
enbodi ment of the input and output mrrors in accordance with the present

inveéntion. 10 Figure 3 is a top view of the dual-armcell with a beam
splitter in accordance with one enbodi nent of the present invention.

Figure 4 is a top vi ew dBREERDESCRIPEIONDOF, T i stances fromthe
spatial light nodulator to the Wiite cell mrrors vary, in accordance with

one enbodi memp;Rf ik BQoPVRSEMa stAA4RITVERS cell bn RWihiih tBe BreséntdnRaTispBMHakst Vi ew
of the dual armcell with a set of glass blocks and auxiliary mrror in

e corCance. 1S TR ROk P e S RO eyl on
embodiment of the input and output mirrors in accordance with the present invention.
10 Figure 3 is a top view of the dual-arm cell with a beam splitter in accordance with one
embodiment of the present invention.

Figure 4 is a top view of a quadratic cell, where the distances from the spatial light
modulator to the White cell mirrors vary, in accordance with one embodiment of the present
invention.

15 Figure 5 is a perspective view of the dual arm cell with a set of glass blocks and auxiliary
mirror in accordance with one embodiment of the present invention.

Figure 5a is another perspective view of the dual arm cell in accordance with one
embodiment of the present invention.

Figure 6 is a diagram of a White cell using a deformable mirror device spatial light

20  modulator and an appropriate prism in accordance with one embodiment of the present invention.

Figure 7 is a diagram of a multiple arm version of the deformable mirror device

configuration in accordance with one embodiment of the present invention.

Figure 8 is a perspective view of an alternative cell configuration in accordance with one

embodiment of the present invention.



enbodi mrent of the present invention. Figure 6 is a diagramof a Wite cel
using a deformable mrror device spatial light 20 nodul ator and an
appropri awe opois i n accordance with one enbodi nent of th@Cprissezdsel
invention. Figure 7 is a diagramof a nultiple armversion of the
deformable mrror device configuration in accordance w th one enbodi nent
of the present invention. Figure 8 is a perspective view of an alternative
cel | confi gufigticchis A sefts:c%lmgsﬁe@ WY Lo &Y steanriob densedouRs int preopianeseith one
invention. 4 WO 01/014924 PCT/ US00/ 23361 Figure 9 is a side elevationa

vi ew of embaiymewmfdiie present grvenfde.i n accor dance with one enbodi nent of the
present invention. Figure 10 is another side el evational view of the inage

pl anes in t heigRtiocialanbihensiad sk nal Vi8¢ dfﬁh@ﬁﬁ%’eqﬂﬁﬁg iMteoppiogl temBReisigRNt
of the present invention. 5 Figure 11 is a ray diagramfor a spherical

T bk RGSRUHBRE S S S GRRBAYE IRk il eoent | venti on. Fi gur e

12 is an ray di'agram o erical mrror/lens systemin accordance

with one enpodinment of the present inventjon. Figure 13 is a plot_of path
di stfances inFlgl%’E?o]r]d]ér?c]@Yvd?%gﬁE‘Brf%r 2 FRRSHCAERIT AN REOrANcE SHTD o TBRARENGH,

Figure 14a is a ray diagramof a deformable mrror device in accordance
wi t h onthe peasbtdivemtipnof t he present invention. Figure 14b is another ray
di agramin accordance with one enbodi nent of the present invention. 15

Figure 15 i sFigufedy idiad@thaial @iagears B0k kplafighlemforAdhsi sPstamGa aeenemckiviiih dike
enbodi nrent of the present I nvention.
embodiment of the present invention.
Figure 13 is a plot of path distances in accordance with one embodiment of the present
10  invention.
Figure 14a is a ray diagram of a deformable mirror device in accordance with one
embodiment of the present invention.
Figure 14b is another ray diagram in accordance with one embodiment of the present
invention.
15 Figure 15 is a ray diagram for a small angle prism in accordance with one embodiment of
the present invention.
Figure 16a is a diagram showing spot location on a deformable mirror device in
accordance with one embodiment of the present invention.
Figure 16b is another diagram showing spot location on a deformable mirror device in
20  accordance with one embodiment of the present invention.
Figure 16c is another diagram showing spot location on a deformable mirror device in
accordance with one embodiment of the present invention.

Figure 17 is another diagram showing spot location on a deformable mirror device in

accordance with one embodiment of the present invention.
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Figure 16a is a diagram show ng spot |ocation on a deformable mrror device
in accordance with one enbodi nent of the present invention. Figure 16b is
anot her dwegnam9zhowi ng spot | ocation on a deformabl e m rPor/usew2isel in 20
accordance wi th one enbodi nent of the present invention. Figure 16¢c is
anot her di agram showi ng spot | ocation on a deformable mrror device in
accordance with one enbodi nent of the present invention. Fjgure 17 is .
anot her di adfigwesifoifi #pthes stagramshowingopod locatisn gnt defarmable migiar devics in
accordance with one enbodi nent of the present invention. 5 WO 01/014924
PCT/ USCit@dafick wiklgomeemBodimenrndittheprestinagvantiehowi ng spot | ocation on a
deformable mrror device in accordance with one enbodi nent of the present
invention. Fiigwe€9h98 d Giagrafli 80FRRLRH plakt &€ bebrdindd 86t SneeabsdlamBaEoMhkh
one enbodi ment of the present invention. 5 Figure 19b is another diagram
of refle . s in accordance with one enbodi ment of the present
i nventi%r(ré;é.e?l |n3’%1§£b%20a is a diagramof a light beamincident on a DVMD in
accordance with one . enbodi pent of. t he sent, i nvention.. Fi gur b is
another di agﬁlgﬂﬁeolg%ds F‘P%tﬁ?r cglggmn, q&?ﬁ‘éﬁ‘{)‘{ @ﬁn"é RGP AReE %%Q%ceéne@ﬁ%?ﬂel?}noé
10 enbodi nent of the present invention. 6 WO 01/014924 PCT/ US00/ 23361
DETAI L Efbe PESGRIIPENGN.OF THE PREFERRED EMBODI MENT(S) I n accordance with the
foregoi ng summary, the followi ng presents a detail ed description

Figure 20a is a diagram of a light beam incident on a DMD in accordance with one

embodiment of the present invention.

Figure 20b is another diagram of a light beam incident on a DMD in accordance with one

10  embodiment of the present invention.



of the preferred enbodi mrent of the invention that is currently considered
to be the best nobde. The present invention is based on the traditional
White celWooFiogieee 1 is a diagramof the 5 path of a |igirCThSamassi ng
through a Wihite cell. The cell conprises three identical spherical

mrrors, all of the sane radius of curvature. The first mrror 12 is
separated fromthe second 13 and third 14 mrrQ hy a di st ance equal to
their radii of REEOHED DESGRIP dot' ¢ AVt At VIS : st mrror
lies on the centerline or optical axis 16 and falls between the second and
third m rrdnsaccdtlaneevitintheaforegohig shmmary othe fallewvialginyessttsgodataited deseripdiont er
of curvature 20 of the second 10 mrror 13 and the center of curvature 19

of the §fthé frefirfel @inbbAirth@@f @i ihVeditibh tisd ivduifeatly chmiderakiorpl e bost agdal
di stance fromthe optical axis. Light fromthe second mrror is inmaged onto

the third mr i: ce. ' ilodial RNHE Mt @ '

pl ane of bu'?T %ﬁﬁé%eﬁxgﬂgzgé%&g%sﬁ%%%@oq %Hre g{?ﬁiﬁqo?l? 1or; tﬁgﬁ1 %%tj éggéa%a?dékdg? ggglreed
so that it expapds as it.goes to the.third . mrror. The third.  mryror .

ot G uRadh pFs ey pesi trough & White eelly ThercellcompiSes i demicpl Pherical
reflected to and 15 expanded at the second mirror. The second mrror

r ef ocusmardarhell ¢fghe simeamdivs of avevetwpo(lThe firgrmireosd 2fif separgipd from thaseqonidd3
point, the light may either exit the cell if the spot is off the edge of
the figsitthiFi N4 Mirrod byt @ tistadu€edudl to e nadii shareaide. Theaeheaof cayattrealsestse
the cell a predetermined nunber of tinmes, depending on the |ocations of

the Centrhﬁ rf%stoﬁqir?o'll rﬁ’e%to'ﬁr fhe %fenﬁreflgxgscgcdmiqal%gs 161ahd fafld beRken elselbiRI érgﬂlc}ﬁrdof

t he i npu eam nay be contro y-an input turning mrror 21, as own in
Figure 2, The_angl e of e ouf put beam imlarl e contrgll by a
output lEaiFnghaikeps andBraa i AN o 4bat eyt honE ot Ah ob fheestl
23 on the turning mrrors or the first mrror 12. There are nultiple |ight
beatts shaver. 1Aasp e adntér ghtunvaitd 39 of the thirdharirapdddpnd anethe dirstc@irrerpyjor
alternatively replace the first mirror. A beamof |light may be reflected

of f t heedafipi art efjudl Aigtarhic SN KO IBRAN RS TLIGHOR6DIBE decond mirror is imaged onto the

third mirror, and vice versa. Light is input onto a spot 18 in the plane of but off the edge of the
first mirror; the light beam is prepared so that it expands as it goes to the third mirror. The third
mirror refocuses the beam to a point on the first mirror. The beam is then reflected to and

15  expanded at the second mirror. The second mirror refocuses the light beam to a new spot 17 on
the first mirror. At this point, the light may either exit the cell if the spot is off the edge of the
first mirror, or continue to traverse the cell. The beam may traverse the cell a predetermined
number of times, depending on the locations of the centers of curvature of the second and third
Mmirrors.

20 The angle of the input beam may be controlled by an input turning fnirror 21, as shown in
Figure 2. The angle of the output beam may similarly be controlled by an output turning mirror
22. Each bounce of a light beam is shown by a spot 23 on the turning mirrors or the first mirror
12. There are multiple light beams shown. A spatial light modulator or other appropriate device

may alternatively replace the first mirror. A beam of light may be reflected off the input turning

7



mrror into the Wiite cell, and may traverse the cell until the beamis
directed to the output turning mrror, at which point it nay exit the
cell. Figup@Bishows a first nodification to the Wite celPCTtuso@zspt it to
variable time delay applications. Afirst nodification is to change the
first mrror 12 froma curved mrror to a flat 5 one and to add a lens 27
of focal length such that the |Iens-mrror conbination is opticall

equi valmhitor tintot the White sell; and: may feaverse fasceell updl thegbeam s @FeCFFéiy‘wbéler%lPléc ed
with a spatial light nodulator. This particular spatial |ight nodul ator
may be tamiig gitt@dattwhich paimeittey ctitrtbetélon of  pol ari zation of the reflected
beam by ninety degrees at any particular pixel that is activated. Then, a

pol ari zi ng bﬁ%%’e%)kﬂ&\keﬁ fR& MBYifibRiAdKeHe WhEe LHE t¢lhedpRRERSYydrRblNEmS @eid

13 and third 10 mrrors may be adjusted to maintain imging. The input

i ght may..be. pol arjzed in.the plane of .t 1914 e [ I

refl ectaf%}lﬁaﬁlto f)‘o%aj{:‘fsgérboql%capﬂlé l%ﬁ)a gn%ee Sgﬁatr)%%?%rut @gqlﬁaeagj\é%dgllrnﬁ&(gu? ki
transmt light polarized parallel to the plane of the papeL, A better
photsoni @ecand toeadehy Isas i2Appicfasal ket suchyibak the legs-surrey, combyation ds pptigallyos
mrror, where these mrrors are identical but have a focal length different
t han t hajuivalent e tieembmnet it teplaced. Nidxt,cthaiflat arisror Tagrte weplacekivith adstiak bights
joined at the beamsplitter. Since the single |l ens 27 can no | onger satisfy

the fOq&ié&ggmﬁoqﬁistwﬁm&ogpaaat1 1% Ghd Rilatér W8P e 26nBEurd té est@Btthé afadiionestyt h

may be added to the other output side of the beamsplitter. The focal

| engths_of .t he | es_ar 0 . o} L LraQr, .

| ocat i opigeriZpdon o7 BF Feflelodt PR B fiford QRREDS Bl Sy Bl HRY ThiRietaed.
the fourth and fifth 20 mrrors fromfhe beamsplitter are djfferent, as
shown i Fhem; gpplarizing beamyfphitter,Samay, be adged; angrthe dig a?%IPéh%ec?fﬁieHr %f'?‘ﬁddad
fifth mrrors will be different. An additional |lens or | enses nay be added
bet weenmirenrs nRf teradljmited tr mamiain imagingit Ahe inpwk dighigmay be ipoprisedin the Manebelr

of potential tinme delays, the design of the dual-armed unit of Figure 3
may be fuphh&r Tnégsefahﬁgbli@h iy Genédt Gighepdlanizddsingheplant Pefpeddit@abto fhiefpaper

auxiliary mrror
but transmit light polarized parallel to the plane of the paper.
A better photonic device may be implemented by next adding a fourth 24 and fifth 25
mirror, where these mirrors are identical but have a focal length different than that of the second
15 and third mirrors. There now exist dual cells joined at the beam splitter. Since the single lens 27
can no longer satisfy the focusing conditions for both cells, a lens 26 of different focal length may
be added to the other output side of the beam splitter. The focal lengths of the lenses are chosen
to compensate for the new mirror locations.
Yet a better photonic device may be obtained if the distances to the fourth and fifth
20  mirrors from the beam splitter are different, as shown in Figure 4. In this case the radii of
curvature of the fourth and fifth mirrors will be different. An additional lens or lenses may be
added between lens 26 and mirror 25a to maintain imaging.

To improve the number of potential time delays, the design of the dual-armed unit of

Figure 3 may be further modified. This configuration is shown in Figure 5. First, auxiliary mirror
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WO 01/ 014924 PCT/ US00/ 23361 29 nmay be added in the plane of the spatial

| i ght nodul ator 12. A second auxiliary mrror may be placed in the inage
pl ane of wbeispaed al |ight nodulator. Then, a tinme del ay methmsni/gasssuch as
a set of glass blocks 30 may be substituted for this second auxiliary
mrror, as shown in Figure 5a. The blocks are reflective on the sides
furthest fromthe lens 41. Alternatively, the glass blocks 5 could be

r epl ac&® gy bpaddediin thepplpee ofi the ppagiel ightanodulaserr 2. ATsesorsheyiliary guyrer may be
between the spatial |ight nodulator and the auxiliary mrror. The first

| ens 27%lhRd ibaerintpedgldnarodeie spatisldigat niokielator. Tiem, & tinwckdebayswschafisthmichlass s

bl ocks may be chosen so that the additional tine required for the beans to

go thr ' ' £ $hi Sl hiddrtdsnBEwh e Figuird 5al
O Aol SHRIAOK 9D P b SubsHOAAPE Bk Soc M BLAIIRY il o ROwh IS 58

pl ane the spati l.i ght dul at.or, 10.enl arged gn Lt iongl, Hl ays
due t oof}FFeb aeks F 6%11‘?5?“’? I8 tg? gtélgs %'ngeﬁtsﬂgl?l tﬁa g‘?l\? af’le %l%gl?a} lélﬁ ’pglre eé%%ggﬁolg&és
materials. If a defornmable mrror device spatial |ight m)du{)ator %1 is.
used, acosidrps eeplased by optiral dihers erearcaay offtlcsy Blae epidiahaxip IFpeiieen Bie smatipli sm
32 may be used to direct the Iight beamthrough a focusing lens 33 onto

t he applighpmbctuiaten dridothe Jdxibibfy miveorofithiedabt lans 37 his beenemZdealarger shower thean. 15
anot her prism 37 may be introduced to direct light fromthe defornable

mrror Sy iGi&nSRl bRihd LGl bloARAhALChSkn! B @MOiNe AdRbARUSHE GoduRlE [BEtHNt O

the other off-axis mrror 39 in the dual-arm configuration. Another
Cecond G SR veomEoesp Ve O BT o TS el B i s 1
Cont | guFlst seseelionie oppRARIeANY it che 94 ool STUHIRE FBBRSF ECTrEhdiche et
of the original device are then replaced by the second mrror 35 again,
al oy Wdldrgédend i adslitional ningy ddlayofdue e thevadsitivin gfirthe igtass bloeks, o eqiivalbetanms
may bounce fromthe second or third mrrors to the first or second
mrror Straﬁsﬁﬁ@nﬂﬁ%rih@. the second or third mrrors, mmcking the
If a deformable mirror device spatial light modulator 31 is used, a simple White cell can
be constructed as shown in Figure 6. A prism 32 may be used to direct the light beam through a
focusing lens 33 onto the appropriate mirror 34 off the optical axis. Figure 7 also shows that
15  another prism 37 may be introduced to direct light from the deformable mirror device spatial light
modulator 31 through a refocusing lens 38 onto the other off-axis mirror 39 in the dual-arm
configuration.
Another possible configuration of the dual arm cell is shown in Figure 8. Here, the
second and third mirrors of the first arm of the original device are replaced by the second 35 and
20  third 39 mirrors of the new configuration. The fourth and fifth mirrors that comprised the second
arm of the original device are then replaced by the second mirror 35 again, along with the first
mirror 34 of the new configuration. Then, light beams may bounce from the second or third

mirrors to the first or second mirrors, then back to the second or third mirrors, mimicking the

operation of the original dual-arm cell. An additional lens 40 may be used to image the spatial
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operation of the original dual-armcell. An additional |lens 40 may be used
to image the spatial 9 WO 01/014924 PCT/ US00/ 23361 |ight nodul ator onto an
auxi | i ar ywoionoo2£9, and a lens 41 may be used to inmage tReT4sae/238b1 | i ght
nodul at or onto a del ay nmechani sm such as gl ass bl ocks 30. A prismsuch as
32 and its adjacent lens such as 33 nay be replaced with a single | ens that
is appropriately tilted or_decentered or both. 5 In order to obtain |onger
time deligifgnodulatprsonie an agrillationitr 29darda tens di gnasaleegsor de impeaihe spatiablighhe
gl ass bl ocks. Figure 9 shows such a | ens wavegui de. Three | enses 42 forma
| ens grmogulatdd onidraaddlmnacchanispssunhys glasrblbeks@daced al ong a conmon opti cal
axis to forman optical transmssion line or |ens wavegui de. The |ight

comes into tRgRRtheRhs 82 8NP hQat ] ! I ea | !
44 is coi nci dg)ﬁt with Zm auxfﬂ i&gry En*?%%&g?g?l?%&er{aﬂmﬁde%??% Bglé lﬁﬁ% ens

10 grou i an onj ugate to the auxiliary mrror plane. A
transpage ﬁmﬁg?t%gqﬂfed ec éer (f%rcbghat t hese conjugate planes, as shown in
Fi gure 10. E]glch sheet of transparent material 45, nmay have a reflective
stri 46 on % dertpotayn langer Wine dglags, itigipesside &9 trgrOﬂP@qﬁ lepg sypyegmds Wepleceon
different areas of the waveguide to propagate through different |engths of
t he optofcthk glasahbekssFigure 9 ishevs dhvblens ivaleguaded Meth baised 4Afirmga lens group
Condi tions. An analytical description of one armof the Wite cell is

presentgsl. THeelens YRbilpEUhad ithsh b@ pPRedeisid ReSnimors BEMEN] | it Wrsh 3n dichihe

right of the figure, 'a Whiite cell spherical mrror B 14 is shown bel'ow the

axi s angar%g}m&nehr?eeérl \%\% ﬁe13r q?g\%ﬁ% CBIE]AO% %ff l)lf‘lfzal t?ﬁ%rs]}ngegirslgn hp%g[r &ﬁ” €

of White ' ¢C mrror |sa &%t ant ica

of 20 curvature of Mrror, Cis_ a distance 82 bel owthe optical axis. To the
left oftighieThninnut plane 44 isrcoinsident withran ayxibery pitter plagy Af dieglelt ¢f cach lens
Adj acent to it is the polarizing prism 28 represented by a cube of glass
of 1 degrdyp énah adsbitiortad planatconjmgate ftd die arixiliavy npiEopphde.cAlltanspacert meatenx incayl
axi s representing

be placed at these conjugate planes, as shown in Figure 10. Each sheet of transparent material 45
may have a reflective strip 46 on a portion of its surface. This permits light beams incident on
different areas of the waveguide to propagate through different lengths of the optical transmission

line.

15  Materials and Methods

Imaging Conditions. An analytical description of one arm of the White cell is presented. The
configuration to be described is shown in Figure 3. At the right of the figure, a White cell
spherical mirror B 14 is shown below the axis and a White cell mirror C 13 above the axis. The
center of curvature of White cell mirror B is a distance §; above the optical axis. The center of
20  curvature of Mirror C is a distance & below the optical axis. To the left of the White cell mirrors
is lens fl 27 with focal length f;. Adjacent to it is the polarizing prism 28 represented by a cube
of glass of side d, and next to that is a flat mirror perpendicular to the optical axis representing
the SLM. To present the analytical description of the imaging requirements, optical ray matrices

are used. These matrices operate on a column vector

10



the SLM To present the anal ytical description of the inmaging requirenents,
optical ray matrices are used. These matrices operate on a col um vector
10 WO 01/W0H92a1M9RCT/ USO0/ 23361 where y, n, and py refer t@®cCrhsopeaspection
of aray onthey - z plane. The vector elenent y 5 represents the

di spl acenent of the ray fromthe optical (z) axis at sone value of z. The
el ement py represents the slope of the ray at that point and nis the
refractive index in the region. The third matrix elenent "1" is used in
representing| a tlilted spherical mrror as will be shown later. A simlar
anal ysis cou ,% e used with y replaced by x and py replaced by px for the
projection of ‘e ray on the x - z plane. 3 x 3 ray nmatrices are used
because they\li Ul be useful in representing the 10 tilted spherical
mrrors. Three ray matrices are used. The first is the matrix T(d, n),
repr eseghd [ ' T ot J

i 5t ancanf: /f sl FOILREOTE PR DIRES STty PRl TR sl

e e BB et R R TR B b 48 B snecfiaten Bk et &

spherical mrrqr of focal length f wth its center of A curyvature on the
axis. Aepsesentsihersigpe i, %gaarﬁtghaé PO an ¢df the sefrgptive indeginshe gegion. o The Hurd
fromthe intersection of the mrror and the optical axis to the center of
cur vat umetrixpdementCl," ivaised immepaesgheng avilted sphericabmiictak as axillshe ghovay latemés
fromthe lower left with slope pyl reflecting off the mrror at point P and
25 | eaviinglahidlyssd Red BY dsedliiftey e&gPaded biiroaMa 7, reTadedibytp, Fort the ptigettioRf the
center of curvature. There

ray on the x - z plane. 3 x 3 ray matrices are used because they will be useful in representing the
10  tilted spherical mirrors. Three ray matrices are used. The first is the matrix 7(d, »), representing

a translation through a material of refractive index # by a distance d in the axial direction.

1 din 0
Tdm=|0 1 0
0o 0 1

15 The second is the matrix L(f) representing a thin lens of focal length

1 00
L(fy=|-1/f 1 0
0 01

20  The thin lens matrix is identical with that of a spherical mirror of focal length f with its center of

curvature on the axis.

A last matrix represents a spherical mirror tilted so that a line from the intersection of the
mirror and the optical axis to the center of curvature, point CC, makes an angle @ with the optical
axis. A ray comes from the lower left with slope py; reflecting off the mirror at point P and

25  leaving with slope py,. Line CCP is drawn from point P through the center of curvature. There

11



11 WO 01/014924 PCT/ US00/ 23361 are two lines parallel to the axis, one

t hrough the center of curvature and one through point P. Line CCP nakes
angl e al wotomot49e4 i ncom ng ray and angle a2 with the refl @cramsos/z361 as
shown in Figure 11. The-center of curvature is a distance 8 above the
optical axis, and point Pis a distance y above the optical axis and a

di stance V' aIbove %gli ﬂt tgc 5 Then th refléare fiye equations. Since the
angl e of®i'He; heh Patadgh it We @S, gRg taopgly the Centsh of gurvatureyand ppg theongah PeRgPes
al=pyi - (y'/R and a2 = py2 + (y'/R). Also, y =y '+ 9 and 8 = OR = 28f,
wher e f Lins AR mhkedngleagwithdlie inceminigrray and Sgib opivitd théetlecied vat, ao sisoviroin
elimnate al, a2, y', and R gives py2 - 0 = pyl + 0 - y/f , the equation
rel ating; 1 MHR. €55 | f i . S i;

W th pyo ol (-G SRR SRR PR opatll i RREBEDS 100 Sililhce
(f, 0): 10 10.0 f =z~-1/f 1 201 .0 1 To use these matrices in
practic ?bogﬁéh? %@Wﬁf?}i“l%%ﬂc{g%élﬁafl&%@a?Ymnta(g‘a- thin | enses and 15 mirrors
encountered as a ray traverses an optical systemand multiplies the

assdti at ed mhbaen thers arofee hauatipns.r Sipcetherangleod infidence eqials the angle irefidctisy.stiem
on the ray. Call the product matrix S. Then there results a matrix

equat i oa 4 epoesRM hiled HE=1AY- GVRPAM HAey,,Pr QURE A1l y LE}ZMJWE&H sangp o gut

nlpyl and n2py2 and the displacenents of " the ray fromt axi s at the input

and output, yl a . 20 Y1. AB . . N2py2 = S nlpyl. C D Hnlpyl 1 1|
3"k 1" hitre /b8 o Senelh ot e Histor o scuttionind FRSF smastons B Biingieeint cbey's s
such equation is y2 =4yl + B

R, gives pys - 0 = p,; + 8- ylf , the equation relating py;, the ray slope before reflection off the

spherical mirror with p,s, the ray slope after reflection. This leads to the ray matrix M (f,6):

10
1 0 0
M(f,.0)=|-1/f 1 20
0 0 1

To use these matrices in practice, one identifies the translations and thin lenses and

15  mirrors encountered as a ray traverses an optical system and multiplies the associated matrices
together to represent the effect of the optical system on the ray. Call the product matrix S. Then

there results a matrix equation representing the ray slope-index products at the input and output

nipy1 and mypy, and the displacements of the ray from the axis at the input and output, y; and y.

Ya N 4 B G|l y
20 Mmpy, | = S mp, C D H mpP,
1 1 I J K 1

This represents three simultaneous equations. For example, the first such equation is y, = Ay; + B

mpy1 + G. This equation nicely relates the input and output ray positions. The requirement that
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nlpyl + G This equation nicely relates the input and output ray positions.
The requirenent that 12 WO 01/014924 PCT/ US00/ 23361 there be i nmagi ng

bet ween twWe oiope4 and out put planes is that matrix el emen®PCB/GS00233¢hat
requi renent allows solving for the desired distances or focal |engths. To
return to the optical system there are four requirements for proper
operation. The first requirenent is that Mrror B be imaged onto Mrror

so t hatthes s dmesing 'hetween therinpyt angd) sutppiaplanesyis et mepfiin slemasnt B3 an d- n@@t

Mrror C. To establish this requirenent the systemmatrix S(B, C) is
cal cul ateguirdmentabyws solsingrfer thg desimahdidtances offotd Iddgthor C. It is S(B,C) =
T(d, 1)L(f,)T(2d1, nl)L(f,)T(d, 1). Inserting d, dl and fl in the

appropri at e TRidtin®as faeptivdl bysiiny, ithde bRefoliBlefhigdhients ﬁﬁqfrds;% 0 é@di&iﬁ The first
{(1-(d/f,))(1-(2d1 /nl f,))-(d/fI)} 2{(1-[d/f,])(d+(d1/ n1)(l - [d/ f, ]

0 / .
0t (- PR i et %ffﬁ%?%s L%a%éd%@l%rgééféé%%t%§(li%ﬂ4W11we %ostrb BT e
conju es t hen hat . ment zerQq: . .
SO0 iRl fod MMy 561 eétah@o‘% G Rh e quEePabars P, Cbifgt
for lens fl. 15 There are two soI utions: d andfl = dl (1+ nld/dlp.
These sedladatohdor eayselsarersingy fram MNieroa thMtlrirors@mréit IS Seray Pak tBEsTRdout
the SLM In the first solution a point on Mrror B has an inage at

infini tyl)EW)z:ﬁfu g).v@setihg HRge atdh ﬁMnrth@aplﬁopmztth neati®@intli mfaltibyiheothe -ratribdd
the second solution a point on Mrror B has an inmage on the SLM This also

gives ap ﬁ{&gﬁ e Mrror Cwith a nmagnification of +1. The first solution
wor ks vergy nlcelly for this situation. This puts Mrrors B 20 and Cin the
focal plane of Iens fl. The sane analysis applies to Mrrors E 25 and F 24
and lens f2 . Mrrors EandFarelnthefocaldglane of lens 2. The

second requi re{(rbr(ﬂ/ifﬁ)(tlhéﬁd Wi €0} (¥ fahd F BEIr )(@f*(@aélh)ﬁt-ﬁéff]))} 0
§ dei ng_rlequi r eyent 1L 1y, 99, &Nyl four thats ydroiat /and-he/ gyv-ba -[arges o

back ont §¢ ?t el f 0 0 1
The requirement that Mirrors B and C be conjugates then is that matrix element B be zero:
2{(1-[d/fi] Yd+(di/n)(1-[d/fi] ))} = 0. This is used to give the desired focal length for lens fj.

15  There are two solutions: f; = d and f] = d/(1+{md/d;]). These solutions represent symmetric and
anti-symmetric ray patterns about the SLM. In the first solution a point on Mirror B has an image
at infinity which gives an image on Mirror C with a magnification of -1. In the second solution a
point on Mirror B has an image on the SLM. This also gives an image on Mirror C with a
magnification of +1. The first solution works very nicely for this situation. This puts Mirrors B
20 and C in the focal plane of lens fl. The same analysis applies to Mirrors E 25 and F 24 and lens
2 26. Mirrors E and F are in the focal plane of lens £2.
The second requirement is that Mirrors E and F be images of each other.
Considering requirements three and four that a point on the SLM be imaged back onto itself

through each cell, take fto be the focal length of mirror B. The system matrix for that case is
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t hrough each cell, take f to be the focal length of mrror B. The system
matrix for that case is 13 WO 01/014924 PCT/ US00/ 23361 given by S =

T(dl, nl) LWO,00A(24) L(f, G T(d, 1) L(fi)T(dl,nl). MiltiplyingPChaSappasepri at e
matrices together and putting fl1=d as required by the first inaging
condition results in (-1 2(d-[dl/n,])-(d 2 /f) 01 5S=0-10 001 The
i magi ng condition is then B = 0 = 2(d G—}Jadllnl])- d2/f), or f =d/{2(1 -

[ dl / nl dgiysn by 5§ T(datab(oR(da) LGB (gs 108 0T {dha )k hMuliin]ying ke fpprabriste maatHcssor
the spherical mrrors. The equation al so has sonme interesting inplications

| eadi ngtogethpiharslipusting e &nd gequifeddyithafirse thadiyg Eorglivicn rbaultshar the first one,
consider the inmage of the center of curvature of Mrror B through 10 |ens
fl. The radius of curvature of Mrror Bis 2f and the distance of its

center of curvature fr S isnd 2f . Then the di stance of the inmage
fromthe center o “clurﬁg]t’hﬁg,nlbéﬁ P°9) " is given by 11dd +11(d-2)=l17
Elimnating ffa|these equatilons and $ijnplifying results in d,, = dlInl.

That is, the image @f the cenger of curyature of Mrror B lies on the SLM
surface. The inmage of the center of curvature of mrror B on the SLM can

be called the .center. .of .curvagur Qj nt 5.Tao, find out ere o e M
sur f ac eﬁtlﬁén%géﬂ% éPn‘i}fm’?: dF \L'ijl?ﬁ”uaﬁf @OIB r?t(g i'Ldlf”@Bé(?[zéaz of 3k df{g&( el ”l‘g])@ %%15
magni fi cati on. They val ue of the i mage of the center of curvature point,
cal | i tequation aldoves wedictipg theaequireddbesd lapgth foe theesphericabmimonsvat ure itsel f,
ycco, tinmes the magnification, or ycc ycco x magnification = 2fOx (-inmge
di st ance/ rihk/egediopcllsotizstsame eterestafd implibatitins (edirh 8 fphydical Wedafihgfasux@difids
equation for 2f and sinplifying gives ycc = Gd, which has a very nice

L T P Y R PR OSSR A S b

10  lens fl1. The radius of curvature of Mirror B is 2f'and the distance of its center of curvature from
lens f 1 is d - 2f. Then the distance of the image from the center of curvature, call it d,., is given
by 1/d.+1/(d-2f)=1/f;. Eliminating f in these equations and simplifying results in d,. = di/n;.
That is, the image of the center of curvature of Mirror B lies on the SLM surface. The image of
the center of curvature of mirror B on the SLM can be called the center of curvature point.

15 To find out where on the SLM surface the center of curvature point is located, look to the
magnification. The y value of the image of the center of curvature point, call it y..; is given by the
y value of the center of curvature itself, y..,, times the magnification, or y..=V.c, x magnification =
2f8x (-image distance/n;)/(object distance) = 2f8 x {-di/(m[d-2f])}. Using a previous equation
for 2f and simplifying gives y.. = @d, which has a very nice interpretation. If a line is drawn from

20 the intersection of the optical axis with Mirror B through the center of curvature of Mirror B, then
the intersection of that line, extended if necessary, with lens fl is a distance @4 from the axis. The
projection of that intersection onto the .SLM gives the center of curvature point.

There is a further interpretation in terms of point sources on the SLM that are imaged

back onto the SLM. Writing the first linear equation for the system matrix gives y, = -y; + 26d.
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the intersection of that line, extended if necessary, with lens fl is a

di stance Bd fromthe axis. The projection of that intersection onto the
SLM gi veswDhe/ocwnt er of curvature point. There is a furth@cCTiusver3sset ati on
in ternms of point sources on the SLMthat are inmaged back onto the SLM
Witing the first linear equation for the system matrix gives y2 =yl + 2
Bd. 14 01/ 014924 PCT/ SOO/ 23361 Here, is the | gcation _of a point
source Bfre Helsd °§ﬁ@°1}/9 § BOIDR OYIEROR Fkﬁrslﬁw qud g2 PW@EO%PP%P ttﬁénagq@fﬁther om
the source has passed through lens fl, been reflected off Mrror B and
passed bghifromthesejirce bas pissed thuoughi legs 6l,-begul reflwttodend IMirrog B hid pasgedibadin
gives ("2 - 6) =-(yl - 8). Thisis interpreted in ternms of a distance &

The i nt giqughtishd AN DeFinidal =t B ahdRORitie) MRAedtatibh ofwRE B)b -8 ROHNtTIAR id he
SLMis as far above the center of curvature |mage as the obj ect |s bel ow

t he cente rvat 0| Jt eha .01 ect

i dent i ¢ er%e{ IPE ;{Iap@F) %% i[ agopés ﬁ?{)ﬁ’@dmf)‘ %gi’ FYZ“&?TB of a
direction so that 0 0. The x equation equivalent is x2 = -x1. Since the
cent®r pgint %WM@ gdprabavs thereeniee of cuxatyre immee pathe abjechispslont thesenierof
fromthe center of curvature is as far 10 fromthe source point as the
obj ect wwsatuteigoitn t he opposite side in both the x and y directions. To
find the inage of a point source on the SLM one can nerely reflect about

the center ofne GdHa\frh ﬁlegpdhﬂatctlotll %ﬁ@lﬁﬁ:‘ﬁﬂwﬁﬁltﬁé’ex %Mﬁt S B 5Se d@ea%’fy

Here is presented an anal ysis of dual wth “auxilrary mrr
gl ass bl ogks in front of xili Mrro sj tuation naI ed is 5
shown i ‘%f’ gufiedion sf’nglaéLM'PZ %ggh?ﬂmuorhle@ﬁ&qﬁﬂﬁ % poi‘lar $ESHFT of

splitter 28, lens f2 27, the Wite cell mrrors (13, 14, 24, 25) and
Auxi | i awvmlrermmtl is 20 theg axisgeaimagsfof gl pedrt sohtse eong the cemtes of curatfe istes far
pol ari zi ng beansplitter is dl and its refractive index is nl. The focal

| engd h Bbmathé sourke Psint ds tife dbjeddMhs] ButSrinhe abpebitersid® M th\Het eaeky ldirettidmer
by a di stance dEF. The distance, d2, between lens fl and Auxiliary Mrror

I i's diyh 4R hBtiRaEYRr e R Sour@6n Qlfle SNV KARSGindmerely LRl about the center of

curvature point.
Increased Delay Time Due to Glass Blocks. Here is presented an analysis of a dual cell with
auxiliary mirrors with glass blocks in front of Auxiliary Mirror I. The situation analyzed is
15  shown in Figure Sa. The SLM 12 is shown, along with a polarizing beam splitter 28, lens {2 27,
the White cell mirrors (13, 14, 24, 25) and Auxiliary Mirror I 29 and a group of glass blocks 30.
The size of the polarizing beamsplitter is d; and its refractive index is n;. The focal length of cell
lens 2 is f; and is separated from the White cell mirror by a distance dgr. The distance, da,
between lens f1 and Auxiliary Mirror I is divided into two regions, one of thickness d"; filled
20  with air or other material, and the other of thickness d* filled with material of refractive index n.
It is chosen that /5 = dgr. The requirement that the SLM be imaged onto Auxiliary Mirror I
can be easily calculated. The result is d*/ ny + d', = 2d - P erlf - di/ ny. It can be noted that if
d"=0and dr = d"» = dy, degr = D, and n, = n; the equation reduces nicely, giving the desired

combinations of d’, and d", that will give imaging. The distances d’; and d", must further be

15



20 with air or other material, and the other of thickness d' 2 filled with
material of refractive index n2. It is chosen that f2 = dEF. The

requi r enewo othoat924 he SLM be i maged onto Auxiliary Mrror PCTamno/serasily
cal cul ated. The result is d?2/ n2 + d"2 = 2d - d2EF/f - d1/ nl. It can be
noted that if d'2 =0 and d2 = d"'2 = dl, dEF = D, and n2 = nl the equation

reduces Vi n deS| r natl ons .of 2.t hat vm I I
Ve, | g oo s s ot 2130, -2

PCT/ US00/ 23361 reduced to the transit tine. The transit tinme, TI for one
pass f ranh bask isgvendyreh2 +angirad Har2d 2 +tahd. Bk cams berepariianytoceive 2 secqmdd| +
2d + n"2d'2 + d"2. This can be rewitten to give a second equation

i nvol vi eygatioRiraotling' @, andd"'2, nid 'd+21"s < @TY 22} nrdin2dkk- FZdEI%hesEleqmtioheﬂ&re is
equations there is an allowed range for the variables d'2 and d"2 and TI.

A PIOt gl altndedBhbir @h@ve(reta%w' JFIUETR IMIEBR IS &e(gh&npm Rgutche

region of 1nteres where d' 2 an are positive. I't could then be “noted

t hat the sl ope of the firs atl n iS he |nt
depehd bR @B '%eicreazﬁ Wipe toe Fohiah aF Berrestbierd Frand e goo e 1L et A%h be

equation is - riéx)onstant) and the i ntercepts depend on TI mhlch S
var i abl motedrthet the rehiffthe firss equasioniigyht/ rasind|the mtaresptethat dpendrondaufndrzande
of Tl occurs when the two lines intersect on the vertical axis, i.e.

Ti, mn &bk finkd The AepEdf the eédond kgitiohfid — nd Qohsthithbdd the lﬂfbl%é}ﬁs idepead on
nlnlnun1value for d2. The line representing the distance d2, d'2 + d"2 =

aI Yo o v(ég/ﬁ{o?ll %’%r%ﬁle f"fl%ﬂﬁe&"gnﬂse@?hé i t%s ﬁlcé‘d%‘ésl 'T%%%nMrﬁiﬁrﬂ R/allue -ﬁ"} Secliksne

he right as |ncrea smal ' est val ue of 2 occurs

when the lipes inters he ver |cal t,h n

G ot ancuhe B tvhdnru gt o R keHak oS Fiwr = b Lo “IPE -
(d2EF/, f)-(dl 1nl) Conbi ni ng eciuatl ons to solve for_ the t hi ckness of the

gl a¥®s alsi/nob} -t Bhergiiy a minigyan valge ot ke J6¢ bing represcpiing the distange dr.idt €4 2 T a2,
2dEF- (d2EF/ 2f)-(dl/nl) is replaced in terns of d2,,nin and if nldi+2d is

r epl acechni be pletteds fioin fHe, lensfilno the AuxilipnyZWim@l. - THi )ing pls¢ @lgvedo the mighilas d22d]
- [2dEF- (d2EF/f) - (//dl/ni)]} _ {n2/(n22 - 1)}(c/2)(TI- Ti,mn) 20 d"2 =

E d2/2/ ( nl%greagés} THLém AR vAI6d 1 2) ovcltd $hen 3B lined Bhedsdeon (tHL EEﬂué&l axis. That

gives the minimum distance from the lens f1 to Auxiliary Mirror L, do in = 2dgr — (dZEF/f)-(dl/l’ll).
Combining equations to solve for the thickness of the glass and of the air, these
15  expressions are most easily written if ZdEF—(dZEF/Zj)-(dl/nl) is replaced in terms of da i, and if

md+2d is replaced in terms of 77

d,= {”12/(”122 — D[ (T)/2) - md, - 2d] - [2dgr— (dZEF/f) —(d/n)]} = {”12/(’122 — D}el2)(T1 = Tymin)
20 d”y = {-nof(n* — DI/ n)[ (cT/2) - md, - 2d] — o[ 2dgr — (erlf) — (di/n)1}
= d2,min - {1/(”22 - 1)}(0/2)(T1 - TI,min)

This gives the incremental thickness of the glass, d*, that will give an incremental time increase,
25 Ty~ Trmin. An expression for the full distance ds, from lens fl to Auxiliary Mirror I can be
obtained by combining these equations: d, = damin + {1/(n2 + 1)}(c/2)(T7 — Tymin). This starts at
damin @s expected and increases with (17— TI,,,,,-,,). Distance d, can also divided into d’; and d",.

As the time delay increases the position of the reflecting surface moves back, the glass becomes

16



=d2,mn - { 1/(n22 - 1)} (C2)(T! - T1,, in) This gives the increnental

t hi ckness of the glass, d2, that will give an increnental tinme increase,

25 TI - Twomiionm924An expression for the full distance d2, Pcormsiersef| to
Auxiliary Mrror | can be obtained by conbining these equations: d2 =
d2,mn + {1/(n2 + 1)}(c/2)(Tj) - Tl,,nin) This starts at d2,m n as expected

and increases wth, (TI - .TL,,nin) D stance d2 can .a] so divided into d' 2 and
5. "R Y g ey i Bob et BB o Tt RS e areame itk e
nmoves back, the glass becomes 16 WO 01/014924 PCT/ US00/ 23361 thicker and

t he ai ras|thyapxiligy amisor isTopving hacks dfhezsizeiof @atiolieparaméiers sam alsape estingated for a
decreasing twice as fast as the auxiliary mrror is noving back. The size
of variigpiabpaiteativher s Oaa @inschbseedtflraoan, fef0cm, Hy3lNlam(Biihyatidm=Ide
can choose d=fl =40cm f=50cm d1=3.81cn(1.5in), and nl=1.5. d, 61.46cm

T, 7939 48800%€CL SboAd: TWFIAPXI R AT 586cc. TRUS: 64 120f
10" 12 "'"secon%g’ ?"s’"??;??aégy,@ gﬁgf’%@%{%%m@%}ck can be us’elcf.a %cg?}ggfng%l e
Mrror Device SLM .To derj a ray matrix for a particular situation two
equal i osr?gon‘%r%?‘??érgﬁ’eadl?loglﬁg\{gm\{hf‘fé‘WB PR di stance of a ray fromthe axis
changes_as the ray noves through the object, and the other show ng how the
ray sl oBefownhehigdbrroadiaviasiSId .- Aprdesve agly makix fonm narticularisiination. twiot dquetiesisr
normals at +0 and sone at -0, as shown in Figure 14a, where for one 10

devi ce #tenedded, Dhe showimcCkowfthd distdoh® offayrdyefrolaf theedtisachaagstesnd theatay! moees(y
direction) intersecting the center of each pixel so that part of the pixel

i's behi iehohqhS HBiEAC nd i M Ishbwidghow ey %pj: thanfed. %nf@ﬁlxﬁ%ﬁfor§ bPMet he
right wth-an angl e po, as shown in Figure 14b, andintersects the pixel

at a di ce y. apbgve, .the center of ,th i xel ,and. is refl ected off the

o ol MY AE i ik 85 BgThel altamCooRet st iPigh 85 fhee dngno
behind the surface. In going fromthe surface 15 to the pixel, the height
of tohe dexjcehfs ilAtr eblsedurfacdi aff thecBPMD tmay jpo, defingd taarn Gettizal foe (Afdiertion)
reflection fromthe pixel the ray again passes through the surface. In

doi ng sigtdretihet@ientads chdh Ig]ﬁaarsoi A& SRS ELths piel] Wbetih@tHeRRFHAE ard part is in
yt anOt an( po+20). The hei ght has changed by a total
front of it. A ray can enter from the right with an angle p,, as shown in Figure 14b, and intersects
the pixel at a distance y above the center of the pixel and is reflected off the pixel. At the point
the ray intersects the pixel it is a distance d=ytan®d behind the surface. In going from the surface
15  to the pixel, the height of the ray has increased a distance d tan p,, = y tané tan p,. After
reflection from the pixel the ray again passes through the surface. In doing so the height has
further increased a height dtan(p,+26) = ytan@an(p,+26). The height has changed by a total
distance Ay = ytané [tan(p, ) + tan(p,+20)].
The ray matrices deal with paraxial rays so that p, <<=, and = 10° << 180°, also a
20 small angle. Putting the tangent of the angle equal to the angle, the increase in height Ay =2y (6
+ po). The net result of all these steps is that the increase in height is proportional to the product
of small angles and can be neglected. Thus the first matrix ray equation relates the input y value,

Yo, with the output y value, y1, as y1 =y,. The second equation is the one for the slopes. Using the

law of reflection, the incident slope, p,, and the reflected slope, p;, are related as p; - 8= p, + 6,
17



di stance Ay = ytan O [tan(po) + tan(po+20 )]. The ray matrices deal with
paraxial rays so that po << 7, and 0 = 10 << 180, also a 20 small angle.
Putting tweaangent of the angle equal to the angle, the iPaTrEsases3sn hei ght
Ay = 2y0 (0O +po ). The net result of all these steps is that the increase
in height is proportional to the product of small angles and can be

negl ected. Thus the first matrix ray equation relates the input y val ue,

yo, Wi t o BinePotithopbiping ibesaquatiensyinto § @ x They BelBnicklghe Fayrmatsix fee thene
for the slopes. Using the I|aw of reflection, the incident slope, po, and
the refDdfid:ed sl ope, pl, are related as pl- 0 = po + 0, 17 WO 01/014924
PCT/ US00/ 23361 or pl + po + O. Cbnbining t hese equations into a 3 x 3 ray

matrix yields the ray rratrlx for the DMD: 1 0 0yo 0120po 00115
There is an en P”bth be mentioned, where the discussion could al so
apply to ref htl n “of pped plane mrror if extending the edge of the
pi xel - mi rror| prs) tdhe p:; x equatlon also applies to a tipped plane
mrror if theqt)ipl@ngl eqi)s s If the tip angle is not a small angle,

however, then the apprOX|nat|on does not hold and there will be an increase

M T T TR R T C R

be consi dered. The refractlve i ndex of the prism materlal is n. The two

| ar ge soidadippedplangmiinrorif griending therrdea of thetinal wairrper Thusathe matrigpquation alicope
po and height yo can come in fromthe right, be refracted at the

i nt er f asppdies &nd tipped planSinnicer tfheaipghrede betmslen If the tibargyle isanesa anall bhgle,

vertical are small, argunents |ike those used previously for the mrror can
be however, then the approximation does not hold and there will be an increase in distance from the
10 axis.

Next, a prism with a small angle is considered, as shown in Figure 15. A prism with its
apex pointing down can be considered. The refractive index of the prism material is n. The two
large sides make small angles o, and ¢ with the vertical. A ray with slope p, and height y, can
come in from the right, be refracted at the interfaces, and leave. Since the angles between the

15  surfaces and the vertical are small, arguments like those used previously for the mirror can be
used to show that the vertical displacement in crossing the prism can be neglected. The first
matrix equation is then y; = y,. Snell's law can be used to derive the equation for the change of
slope. The entering ray has a slope p,. The slope of the ray exiting the surface is p’. The angle
between the ray entering the surface and the normal is p, - ap. Similarly, the angle between the

20 ray exiting the surface and the normal is p’ - . Snell's law is then sin(p, - @)= n sin(p’ - o), or
using the small angle restriction, np’ = p, + 2(n - 1)a,. A comparable equation can be written for

the ray as it exits the left-hand surface: p» = np+ (1 - n) a.
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used to show that the vertical displacenent in crossing the prismcan be
negl ected. The first matrix equation is then yl = yo. Snell's |aw can be
used to dwoime1Mhe equation for the change of sl ope. ThePemtuso/egger ay has
a slope po. The slope of the ray exiting the surface is p'. The angle
between the ray entering the surface and the normal is po - ao. Simlarly,

the angle between the 20 ray exiting the surface and the normal is p' - a.
Snel I's | aw FHmingERe & apghdeliniagyhe prisn gpgle. @ Fo%, - 61 Weibavegthe sguatival for syl e
restriction, np' = po + 2(n - 1)ao. A conparable equation can be witten

for thehanhgy ofislopé bexhd pristhep] efph -th@nd1eur fHRaay Paatidx B the (shatl dhpleddrisnd & WO
01/ 014924 PCT/ US00/ 23361 Elimnating p' and defining the prismangle, a =
ao - alyeme have the equation for the change of slope by the prism p2 =
pl| + (n - 1)a . The ray matrix for the small angle prismis then: 'Y21 (1
00) 1Y22 51 P21 ~00 (n 11)a | ~pz D scussion A dual Wite cell is
shown in Figure 3,connected pol ari zing prism beansplitter. The 10
mrror in theYoptiéal® spapi al|| ¥i ght nodul ator 12 and spherical mrrors B 13
and ££ 14, co 5 edo vﬁt{plg M 27, constitute one Wiite cell, hereafter
referred to b I h 1

i mifrof in the SLM and spherical Mrrors E 24
and F 25, conbi‘ne vm'O[h | ens é 26, constitute a second Wiite cell cal |l ed
Cell Il. The distances between the SLMand Mrrors B and C are the sane,

and the distances for light reflected off the polarizing beansplitter

goi ng tpiMdsigrs E and F are the sanme. 15 The distance fromthe SLMto

Mrrors E and F is greater than the distance fromthe SLMto Mrrors B and
m bownces,from

C 1 00Tl S DIRR 555 LA, SR RRG b g: n
PeAT P! thior inThe optical Spatial Hght Modalator 13 hnd Spherical mitrors B 13 and & 14, combined
with lens f1 27, constitute one White cell, hereafter referred to as Cell I. The mirror in the SLM
and spherical Mirrors E 24 and F 25, combined with lens f2 26, constitute a second White cell
called Cell II. The distances between the SLM and Mirrors B and C are the same, and the
distances for light reflected off the polarizing beamsplitter going to Mirrors E and F are the same.
15 The distance from the SLM to Mirrors E and F is greater than the distance from the SLM to
Mirrors B and C. In operation, a light beam bounces from the SLM to one of Mirrors B, C, E and

F and back again on each traverse of the cell.

The polarizing beamsplitter and the SLM determine which cell the beam goes to on each
pass. The polarizing beam splitter transmits light of one polarization, say the plane of the figure,
20  and reflects light of the polarization perpendicular to the plane of the figure. If the light starts out
going to Mirror B with polarization in the plane of the figure and the SLM does not change the
polarization, it is then reflected back and forth between the SLM and Mirrors B and C.

Conversely, if the light starts towards Mirror E with polarization perpendicular to the plane of the

figure and the SLM does not change the polarization, it will continue to reflect between the SLM
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pass. The polarizing beamsplitter transmts |ight of one polarization, say
the plane of the figure, 20 and reflects light of the polarization

per pendi caban/o14924 he pl ane of the figure. If the |ight sta&craSeut3dgbing to
Mrror Bwth polarization in the plane of the figure and the SLM does not

change the polarization, it is then reflected back and forth between the

WﬁBS@ﬁ%@mﬁm@Zﬁ ‘ihap%&o R Rgmican bechtzcg iph e 1L he At by okl

does not_ change the | ari zat i on |t will continue to reflect between the
SLM 19 S@\m/rgt@tﬂghﬂp pEEieyizaee Bs drecbonmrhayneespibihe SEM.The path of a beam
can be changed fromone cell to the other by using the SLMto rotate the

pl ane of pol &hé¢ pabém rlistbostivedibansastaosen fies pofsible imaGhdlcoddidomy. e Famst, the focal
di scl osure discusses a set five possible imaging conditions. First, the

focal |.ap@tdr 16s fhei@schaf)éenl 8 ﬁﬁg@ﬁﬁnbp]sldmg%%f C%d&léew&sdvl Séc%d Qlﬁmgr i ce
versa. Second, simlar to e first condition, the focal ength of lens

f2is ¢ i

Feadt vl seeiRNge oo %nsﬁ R b bl g W%ﬁ@?ﬁ%%@ Mok R anfgis

pl ane of Iensfl and b C|n Mrrors e f ane of Iens
P2 TheVetsr Hvis BSrRATEMSAL ey gﬁé‘%e byplacaie lﬁlrg%% '@-d'b@ i ﬂﬁdé%iﬁ 3&@6{3 aerkplene ¢f

and Mrror C should be imaged onto Mrror E. The requirenent that Mrrors
B and Jebs fli andtbyeplaciog Mistoah B anfl H imnthe ffocal plpoe lo€lensif2h Tiheghird qorditoreist that1 0
that Mrrors E and F be in the focal plane of lens f2 also satisfies this

condi t i Birror'B %hbﬂatbehm?edmﬂb Ndirf@ T iahdl MMisrod CeshaliRiobeCidmapad abloeMirfdreE.f orhet h
condition is that the ocal lengths of Mrrors B and C are chosen so that,

in conj i I

on theJ %ﬂﬁjr%xﬂé}g"i%%?\g anot%éer}d glrggl lﬁ tgepic:‘icggﬂm%c’f %ETG\]/FI %%%ﬁ?gbtﬁggéon %rlle%lgﬁlt S
tha th nat of . M.r I

conj %ncﬁ*@{)ﬁf Illz‘ear‘@rﬁs]ge st @caﬁp%pﬁeg%éa WS4 1?%?‘?{%{;181‘?0{1‘#1‘B°]§LM is again

i maged back onto the SLM In operation, point of light starts on a snall
mrror next The {a3etp Mmeging eanaitipny ﬁﬁerﬁjso gampasable Tﬁ&elfpglﬁh cprditipp écthati the

towards Mrror B. Suppose the light is polarized in the plane of the
focal lengths of Mirrors B and C are chosen so that, in conjunction with lens f1, Mirrors B and C

image a small spot of light on the SLM back onto another small spot on the SLM. The last
condition is that the focal lengths of Mirrors E and F are chosen so that, in conjunction with lens
15 2, a small spot of light on the SLM is again imaged back onto the SLM.

In operation, a point of light starts on a small mirror next to the SLM called a turning
mirror. The light is directed towards Mirror B. Suppose the light is polarized in the plane of the
figure so that it is not reflected off the polarizing beam splitter. Mirror B images the spot light
onto the SLM. In one scenario, the light is reflected off the SLM and imaged by lens f1 onto

20  Mirror C, which images it to a different spot on the SLM. It then goes to mirror B, which again
images it onto the SLM. The light bouncing back and forth forms a sequence of spots on the
SLM. |

If the polarization is changed by the SLM to be perpendicular to the plane of the figure,

the light bounces in a similar fashion back and forth between Mirrors E and F and the SLM. The
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figure so that it is not reflected off the polarizing beamsplitter. Mrror
B images the spot light onto the SLM In one scenario, the light is

ref | ect eawofofi/o14924 SLM and i maged by lens fl onto 20 M rroPCT/USMRIShI | mages
it to a different spot on the SLM It then goes to mrror B, which again
images it onto the SLM The |ight bouncing back and forth fornms a sequence
of spots on SLM oI arization js changed by _the SIMto be

per pend?l&iq of pp@ﬂ?ﬁféormogﬁé Jight an fheg%ha@ge gheny R’é’H’ElceoSffng’@sSI'rM 80 $hati quyr
fashi on back and forth between Mrrors E and F and the SLM The 20 WO

01/ 014 9omtpEEiogSH AL 36 tells e and twe odrabd chasém nl hef quahiétyl df giierestatheimnsih imge d
at any bounce off the SLM so that any conbination of paths in cells one

and t wothégghhRe 6¢1RS€ the MRabetUAHouhyes T MifrefseB tand tQ €irdek @S trknsiti tife fifolt tHegh
the cell, is the nunber of bounces off Mrrors B and Ctines the transit

time fr r

e TR R DA BB HBEG oy B I BT P pOURSERsR e
Consj degi ations of the spots of light on the SLM there are
varl% fro Tghqggﬁﬁawm%gependi ng on the |ocations of the centers of
curvature of Mrrors B, C, E and F, and al so _dependi ng on the spot size
relative to Emsidaring e eet Bicptionshef thentrots oblightionatharsl N thek apoatigsand
F are superinposed on those of Mrrors B and C so that the spots fromcell

E- F ar ecdifigatasioncdépradnhgrin the tidratibnsef the eanters| df Br@turReff evigroce By, [E anl §, be
made to the centers of curvature of Mrrors B and C for sinplicity. Figure

2 1s a p@EeWPhegeR@ingloM! th@é{dt@&efreramé Nige fslze THRVGINL t TR 8%rs bF agkhtuRNeH
spot confi guratl on. Mis assuned to have a square shape. Al so shown

eepoo MR it kb ShRert fu BKpr B B %S ¥ R B od) BF o

are centered at d| stances_of 28 where mis ., teger related to_the
nuntfer 6o eqipgdent yath thgsg from celéﬁ-ﬁagégerw awﬁwe yarennagrforthecenfavs PECURME t o
have di mension

of Mirrors B and C for simplicity.

Figure 2 is a view of the SLM looking from lens f1, showing the most traditional spot
configuration. The SLM is assumed to have a square shape. Also shown are two long thin
mirrors, the input and output turning mirrors respectively below and above the SLM. For this

15  case, the turning mirrors are centered at distances of £2md where m is an integer related to the
number of times the light is re-imaged onto the SLM and the SLM is taken to have dimension
2(2m - 1)8 on a side and ¢ is the distance below and above the optical axis, respectively, of the
projections of the centers of curvature of Mirrors B and C.

Imagine a point of light on the right end of the input turning mirror, as shown in Figure

20  16a, conditioned, as mentioned previously, to be traveling toward Mirror B. That spot is imaged
to a new point on the SLM located opposite the center of curvature of Mirror B and an equal
distance from the center of curvature. The position of the input spot on the turning mirror is (x,,

o), Where y, = -2md. The point image is at a location opposite the center of curvature of Mirror

B. To find that location the sign of the coordinates is reversed and 206 is subtracted because the
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2(2m - 1)8 on a side and 8 is the distance bel ow and above the opti cal
axis, respectively, of the projections of the centers of curvature of

M rrors BvendoQ94 magi ne a point of light on the right enaCofuSpérzsssnput
turning mrror, as shown in Figure 20 16a, conditioned, as nentioned
previously, to be traveling toward Mrror B. That spot is imaged to a new
point on the SLM | oca]{)ﬁlj ogé)osi e the ¢center of curvature of Mrror B and
an equatentediof cuayrs elMirer e%b?ﬁw theraxgsy i Sheight wersbeing irpagsd by Mirms G, Hisut
spot on the turning mrror is (x0, vyo), where yo = -2n8. The point inmage
i s at asigmofihe ooordpptsivtaild bereversedand? o addedaflTheecsaftidM rror  B. To find
that | ocation the sign of the coordinates is reversed and 28 is subtracted

because ttktﬁh%)A_/pxcpl_{,o_lzdﬁy(_)gcyé(lﬁQ%%S%l center of curvature of Mrror B

is bel ow thé axis.”I'f° the Iight” were being i maged by Mrror C, the sign of

t he coordi nates..woul d be reversed and 28added., The result is.(xi,.Yi) =
Cxos g0 "o s then Folated SR R s BRATeY MG G T oisd e is bt
re-imaged by Mrror C. The point inmage is opposite 5 the center of

cur Vet uthe certengfrqupyatire of Migmr eqad an gieal distance fiom itt ThejpeationtthenratiCe, yvHAen
at (X2, Y2) = (-xo0, yo, + 48) _ (xo0, -28 (m- 2)). As the process

cont i nugs,, -ihe 48 ehlr,,albgmnar))velsythb punesscattinuesVilis Bgls aBematvdly dodndes off
re-imaged. Locations of successive spots are designated as (xn, xn) at the

“th N . . . )
1) B UGS Somogher BIL ARG, SRR o Soe )R
f 3, sh i-0 Fi 16b. The, point i be indicated with
s, ATIER RGN (e RS IBHoISAT EMERBE at xo. The hori zontal coor di nat e
of the points alternates to the ril%ht and | eft of center. As the inmage

number n xR aséd) x,Hd) {pot M SU-Datet @)h2e- @ddbve and bel ow the axis

first noving successively towards the axis for n=1,2, and 3, and then away
frofo t he axiBndpie Bsettof PointbrOn=Thas Hovae &6 FEEs 16berThe poidinimzes nddnt the

15 imaged spot winds up on the output turning mrror at the top. There are
2m 1=5 Bﬂicg{edimﬁ@?'sp The images form two vertical lines at #x,. The horizontal coordinate of the
points alternates to the right and left of center. As the image number » increases, the spots also
alternate above and below the axis first moving successively towards the axis for »=1,2, and 3,
and then away from the axis for »= 4, 5, and 6. The process ends when n = 2m =6 and the
15  imaged spot winds up on the output turning mirror at the top. There are 2m-1=5 point images on
the SLM.

There may be gaps between "x" spots in the columns on both sides. These can be filled
by placing a second input spot at (-xo, ¥,). More spots can be added on the input turning mirror,
as shown in Figure 16c¢, at different values of x,. A complete line of spots then results on the

20  input turning mirror, the spots being paired at different values of +x,. Columns of spots can fill
the area of the SLM.

Instead of a specific situation where the centers of curvature of mirrors B and C are

equidistant from the optical axis, a more general situation can be discussed. There, the centers of

curvature of the mirrors are shown on the y-axis. The center of curvature of Mirror B is at
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the SLM There may be gaps between "x" spots in the colums on both sides.
These can be filled by placing a second input spot at (-xo, yo). More
spots carwbeladded on the input turning mrror, as shownPCa/USo@ea3el 16¢c, at
different values of xo. A conplete line of spots then results on the 20
input turning mrror, the spots being paired at different values of xo.

Col ums, of spots can fill the area of the SLM Instead of a specific.

si t uat i ORAtgTerse Theeccdigitad cyrvgiure oF MHFQF £ 18fa distancsr 20 shoxadt. Clhe wput spot is at
equidistant fromthe optical axis, a nore general situation can be

di scusskedatiobhel ®, THesexpedsstion Forcthe lavativabiismt @fis ey (0N, 268 +F)ewn@1 ¥y he
y-axis. The center of curvature of Mrror B is at 22 WO 01/014924

PCT/ USQQ/ 6 ti ] > ;
i ot oD 253 pefEA + @k ik LoTilfon e hofif it Pt BerPloe Wb cBhtels druvanre,
f t he_] ti, t i Y -1 . B+ S) + (-1 +
zgﬁ) ) ?Tﬁ%?@hé’%stﬁi & Pgtwqqgglﬁlaégﬁ %ﬂqﬁgﬂﬁ%ti}p@g Hpg ﬁftem% h}feqe;(v@é%offqﬁgv%

centers of curvature. The equation still gives two colums of spots
par & | ethetyerxishelhej spetstrdtemateafrorh one epluamgo diie ghenastiinerca®st freggnerak, asdistThes
spots alternate fromone colum to the other as n increases. In general, a

di st ances sepBratebe sHAS it A@iveRWokinhd) Th@vMEBalqRIsHidAs of iR spBfstih @Ak cHRSIN Arens
of the spots in one colum are, however, not identical with those in the

other ¢ Avb’é@{‘j a{xt-gpﬁi\éng@az SR tﬁ{;'sgti{'} ﬁé@’%ﬁ@lj . ’h@e&t |e§§11?& V\%lgﬁle g%falzl}etbg.tﬁ%éﬁon

spot . e eq I on feduces revi ous ‘equ

speci al cases of present thenselves, For sinplicity, the aorigin is taken
m dway Hehoumnt snot Lheearationredigesiothaprigyious equatign wWhen ¥z § -6, @ Wo| spe¢inecapes; st
case yo is an even integer tinmes 8, or yo = ne8 (ne even). This is the

Si t uat i @hpfesentnthémselhesn tHoe sympliditye gheforighe ispakies miiwayebatokenmhen centensdoway
between the y values of the spots in the other columm. The input spot is

o, e SR s o 0116 bl QR s R DAL,
arises 12 ?s 2 Siitﬁatlaf)rtll f%g 91= . thhiGIE) Ithee 39 Izalgés 3the slg]oot? ing 8196 goqg&]h a-rlg:hr%Pdway between
the y values of the spots in the other column. The input spot is on the bottom turning mirror and
the output spot is on the top turning mirror. There are m ~ 1 reflections off the SLM.
The second specific case arises when y, is an odd multiple of &, y, = 1,6 (1, 0odd). Then
15  for each spot in one column there is a spot opposite it in the other column. The input spot is on
the bottom turning mirror and so is the output spot. There are still #-1 spots on the SLM. This
situation can be illustrated for »=5 in Figure 17. It is possible to fill in the gaps between the spots
in the two columns. That can be accomplished by putting an input spot on the top turning mirror
at location (x,, -y,) with light directed towards Mirror C. For both configurations one can fill the
20  SLM with spots by using many spots on the turning mirrors.
Generally, it is desired to have the spots close together to utilize the SLM area in an
optimum fashion. If the SLM is divided into independent areas called pixels then it would be

preferred to have one spot per pixel. Let the spot size be 0. Since the spots are separated by a

vertical distance of 25, it may be preferred that o= 24, i.e. the distance between the centers of
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15 for each spot in one colum there is a spot opposite it in the other
colum. The input spot is on the bottomturning mrror and so is the

out put spwD.01/0hwee are still n-1 spots on the SLM This ®Crasvi/zaséecan be
illustrated for n=5 in Figure 17. It is possible to fill in the gaps

bet ween the spots in the two colums. That can be acconplished by putting

an input spot qn the fop . turni mrror _at |ocati X0, yo). wi.th |ight

' et et Aanitiers Brbd C BEnIEB havabin a1 Thn Sy s teimepadiis v
W th spots by using many spots on the turning mrrors. Generally, it is

desi r edbyt adistanes 2 thpbozapka dgectoget her to utilize the SLMarea in an

opti mum fashion. If the SLMis divided into i ndependent areas called pixels
then it woul ghdgumbdraffasounbston ha\SEM RRis 38k e dduXleh.thd Blimb&iCofSiRts SbRe

be a. Since the spoti are separated by a vertical distance of 215, it may
o1/ b14998 FEp R 4558 sk ove) RhERE e W2 b BRI TnChurter

the spot size. The spots nm 0 be separated by.a distanc 5 in_the
hor 15 onteafs {ipindepiie FotsHeom P BERLCR Get HE e ALy Ruroth 18 of
equal to the nunber of spots from top to bottomon the SLM This nay well
not be bdhmceaseay ba dasiigd.si Tughatopases igeoupandle spes @nspeunsef bask awh fogh in
bottom on the SLM nay be of the order of many hundreds but only tens of

bouncessyfelrobeatitasi rTegh exdainplatarc s eongjtereps THers pad decrt bOspte abawded aind
forth in synchronization. Two exanples can be considered. There can be

sets of cecﬁl{é]%%éiﬁé AREAd] & otk of Bt Beih EFREELE I B h%é'éf@ lrtheasref &y ?ﬂbfts &ot s

t
being r ted.In both cases the set of spots can be reflected five

use 10 TEReT B gt B PR B B oRGeh fy AR w7

cell are also considered. As described, there are a nunber of beans, each
exetut | pighe Sh¥leapakiliticsich beam can go to either Cell |, which includes
Mrrors Bor C, or goto Cell Il, i.e. Mrrors E or F. To derive the
expressi on f'Bhe tilne delaye possitdy with the dual cell are also considered. As described, there are a

number of beams, each executing n bounces. Each beam can go to either Cell I, which includes
Mirrors B or C, or go to Cell I, i.e. Mirrors E or F. To derive the expression for the time delays,
Dpc is defined to be the optical distance in Cell I, i.e. from the SLM to Mirror B or C and back.
15  Dgris defined to be the optical distance in cell II, i.e., from the SLM to Mirror E or F and back.
dpc is the distance from the cell lens to either Mirror B or Mirror C, and the corresponding
distance in to Mirrors E and F to be dgr.
Dpc=2mdy +2 dpc
Dgr=2md + 2 dgr
20  Here, n and d; are the refractive index and size of the prism respectively. As before, the light
leaving the SLM can be controlled by the polarization change at each pixel to go to either cell. If
there are k=n-1 total bounces off the SLM and i of these bounces go to Cell II, then & - i bounces
go to Cell I. The total time delay, T, is given by T=(1/c)((k - §)Dpc + iDgr)=(1/c)(kDpc + i(Dgr -

Dpc)). There are three items of interest in this equation. The equation has two terms. The first
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DBC is defined to be the optical distance in Cell I, i.e. fromthe SLMto
Mrror B or C and back. 15 DEF is defined to be the optical distance in
cell 11, woeljo1feomthe SLMto Mrror E or F and back. dBcTiGsoe/s86di st ance
fromthe cell lens to either Mrror Bor Mrror C,  and the correspondi ng
distance in to Mrrors E and F to be dEF. DBC=2n1dl +2 dBc DEF = 2n | d |
m

+ 2 dEF,_20 .He nl dl th d d f th
 cspeot 157811 ProRRrBBRL o Spd Forsint Thi ety Sk R BLUEEAEIb b (Hy

the pol arization change at each pixel to go to either cell. If there are
k=n-1 t & at ibdbiscdeyicsf f Théseconm taime i pedportimsk thé@hd ds Vgaable CEltip cpnirollesen
k - i bounces go to Cell |I. The total tinme delay, T, is given by

T=(11 c) {nckementa) PBE;+ T}, Pidportidnat Yd k DBE@dded( fobthe com¥Bijt)part] laprisg &y € - (fQEDigt 615
of interest in this equation. The equation has two terns. The first 24 WO

01/ 0149 Qﬁ;’tﬁl’g r I
t here |§§gl \?faééé%a const ar}%ﬁtlﬁén%%ggﬂgg%%%ﬁéb caﬁ)l lﬁ&n%%%m‘i % t ]%QVI ce@}k’s}(he

second erm p orti.ona and | \larJ able. Thi nt roI | ed
horienen Bet TRBHE SR, skt 47 gwsaﬁraé&h ath g v el I
gi ving TI =+ (i/c)( DEF - aiae | ncr easi ng i by one unit increases the
transntandﬁdlbyTlamcambermaémtot Torgh wike oygerdf valies/ c) ( 5 DEF - DBC). Thus
the tine delay increnment, AT, is given by the path difference between Cell

11 and Cel | The tiBiifcré@BnbhATIBEELS 6 éir@sls&l mrteﬁnmmd&srg@rmealﬁétema&geeam,fhﬁld

tinme increrrent AT, can be expressed in terns of design paraneters,

GEF 1 508k b DR RO FerPEE GO0 Bl TR AR 0BG OV SN 005, o o

can th eac | OUS | nmagdl n con
witten with d replaced by dBc for, Oell ndb or [ 1 10 11 The
resul t PENEFRIQVIQYS 1@&1}1@&3&9 iHem) WH?LIEW%Z%@PIZ‘F‘]&/ PBEEM%OEBJIEI aplity Fradforcedll as

expected. If dBc 4 dEF and f, 4 f2 then Cell | becones identical with Cell
|1 &nd IL The resultis

AT={ 2012+ 1) (duc - dgr) +2 n® ([sc! 2A] - [der/ 251 ) }

This reduces as expected. If dgc = dgr and f; 2 /> then Cell I becomes identical with Cell II and
15 AT - 0. There are k possible values for i, so there are k possible time delays and the maximum
incremental delay, Tjuq given by Timex = kAT. Thus the maximum incremental delay is
proportional to the maximum number of bounces. This is improved in other designs of the
present disclosure.
The dual arm cell can again be extended. As before, the distances dpc and dgrto the pairs
20  of White Cell mirrors are made unequal. The optical distance from the SLM to Mirror F is made
greater than that from the SLM to Mirror E. These have the advantage of increased flexibility in
the choice of possible delays. The number of possible delays will go as &* where £ is the number
of bounces off the SLM.
Figure 4 is identical to the configuration of Figure 3 with the exception that Mirror F has

25  been replaced with Lenses G1 25¢ and G2 25b and Mirror G3 25a. Of these, Lens G1 is chosen
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15 AT 4 0. There are k possible values for i, so there are k possible tine
del ays and the maxi mumincrenental delay, TI,,,, given by TI,,,, = kAT.
Thus t he weioowmyed ncremental delay is proportional to thecwasoeesssnunber
of bounces. This is inproved in other designs of the present disclosure.
The dual armcell can again be extended. As before, the distances dBC and
dEF to the pairs 20 of White Cell mrrors are made unequal. The optical

di st anc® thebnintwaivoctien ovilh Fewy FE the Heldels igtaged onta halﬁs GRat Thysghenh &25isv
to Mrror E. These have the advantage of increased flexibility in the

choi ce afjygatswith thed®ilMy d.en3 2 is chisen toimpgesthe plane o LaysGhionto MarrasGK 2vith
where k is the nunber of bounces off the SLM Figure 4 is identical to the

confi guat hfa%ni@i&atﬁhg 14b &ha My GBas @Eﬁﬁﬁ@eﬁé QR ﬂ@tleer moMlEoﬂﬁ@s whRhbig ailso
replaced with Lenses Gl 25¢c and & 25b and Mrror 25a. these Lens Gl

5 chose 25,10 014014926, PEVVSO0 23001 0. 0 akgl  CRIMMSH P bR 1

I maged onto L conj uga
SLM Lens & _i.s chosen to i e.pla r.or
i 15 relgRREE 248 PO S VAvre R 810 688 G S hgeds 10 C?tﬁéts?lgﬁabFl%ﬁr?@OEbeW?er or
Gl, which is also conj ugate to Mrror EE Mrror G3 is chosen to have its
cent er &f mentiongt reviowsly.eidieGmagingecanditiong of dhe idual aaneadl awsf stidusaisfied-e Amhen
also lies on the SLM and is |located so that the spots bounce as nentioned

pr evi ouglteynatile econfip@iatign coittdildrisen&i10ind B eykledibim mittdrs ¢ @alsstintluded in the
satisfied. An alternative configuration with lenses G and & repl aced by

m rrorste§ g@hﬁ&ohﬁ‘é'l‘;@ﬂf&ricﬁl LG RES IR onfbiRaliROY EnglEWnkher . Gl and &2 may

be conb Into a ens. One’main i nprovenent” comes fromthe

different transit tlrrefor ght in.the_ar 10 containin and &
and Mrror G3% Iﬂalﬁdﬁ?ﬁr%ﬂneﬁ% Saf GRS H]gfeéeqt traé“ﬁe'@\?‘ﬁgfgf Q@g (%Pﬁ
optical di stance DEG fromthe SLMto Mrror. G3 and back where
DEGH2n| enigining Lenses (el end GBend Ylirree Glefln addition tq RaesndRgr thereds ppewklistygces m
as defined previously. Then dEG can be witten in

the optical distance Dgg from the SLM to Mirror G3 and back where Dgg=2n1d1+2dgg, mand d;

being the refractive index and size of the prism as defined previously. Then dgg can be written in
terms of /i3 the focal length of Mirror G3 as dgg = dgr + 2fs3. A configuration then exists with
the optical distances from the SLM to Mirrors B and C equal but the distances from the SLM to
15  Mirrors E and G unequal. To proceed, it is necessary to know the number of bounces a given spot
will make off the SLM. As before, the number of bounces is designated n, and for the sake of
discussion it is assumed there are an even number of bounces. The difference in transit times
between the SLM and Mirrors B or C and Mirror E is then set equal to the smallest desired time
increment, AT. The difference in transit times between Mirrors B or C and Mirror G3 is set to
20  ((n/2)*1)AT, where AT = (1/c) (Dgg - Dac). These times are accomplished by choice of focal
lengths for the various elements. The reason for these choices will be made apparent. Since AT is

a difference in lengths, it can be made quite small.
In examining the possible sequences of bounces on the SLM, it can be assumed that the

spot starts on the turning mirror next to the SLM and goes first to Mirror B and back to the SLM.
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terms off G3 the focal length of Mrror G3 as dEG = dEF + 2fG3. A
configuration then exists with the optical distances fromthe SLMto

M rrors BvandoQegual but the distances fromthe SLMto 1PCWusnoeB6E and G
unequal . To proceed, it is necessary to know the nunber of bounces a given
spot wi |l make off the SLM As before, the nunber of bounces is designated
n, and k di scyssion it ssuned there are_an even numher
of boun]fé‘@gl th?h%ﬁ@. F’@r O] hofeneierds sither Migpubesr MigosOnrsprdme il 5
or Cand Mrror Eis then set equal to the smal | est desired tine

i ncr emeplarization Pidhel lighteleaviog ther SEMan$ipon tretus theelight ean Mitheroges toBMirroCBaed
Mrror G3 is set to 20 ((n/2)+l)AT, where AT = (1/c) (DEG - DBc). These

times angrr&CEondier Ddechudbedidbou@cddfoff €@alLM| eHrdidhs chopo tdeitheaN@tess C or G.
el enents. The reason for these choices will be made apparent. Since AT is

a diff eA?[QIC@VGhrhumgéd@ ounkds &@%@ﬁﬁﬁagﬁ Bk b gg‘?tLEﬂhelr"M B9 EH@ 11§ht

p055|ble sequences of bounces on It c e assune hat t

star nthet m t t f|r and
bacd ¢ o TRECH 5 Rk MaBoH e s Bar st B0 @hﬁ  Soseio
choi ces towards either Mrror Cor Mrror .Gt depend| ng on t

pol ar i Z&wsErimg ogqyas Whenthe Hghti abyaxsneoestaMiriosn Braad & gnd Kbe lqngwtt txaasit dmeher
go to Mrror Bor Mrror E. After odd-nunbered bounces off the SLM the

| i ght ceseugoniien the tipktralivhys goes tdMidror&E andfG.er even- nunber ed bounces off the
SLM the light can go to either Mrrors B or E. The light 5 bounces half
the tinme of fTM kafitside & a'-:gl%}fjseﬂﬁérfceto&'%oﬁﬁdé? c&f thelVibE k@b sded I\/?r 1&tind E‘Ee the

shortest transit time occurs when the |ight always goes to rrors

and t h&d@g ?tbo{mé% 3 ff I\/flf‘rgtglri and Lﬂ)resthe'\@&tﬂbér $t t!o gp%s oq"t" WRY3r %oeqs ﬁt M én[Z?r S

and 2 P3N iven sequéence 0O ounces can
expressed by letting be th nunber qf bounces off Mrror E and |
nuntfer Gk no%\ eppf focmm%?f% é(hr@r&B and C wﬂ'@' Re2§7/2) 19 a}‘lﬁe(ﬁ’/?)n_el)riﬁfﬁfétl"‘ﬂ?

bounces off Mrrors B and C wll be ((n/2) - i) and ((nl2) - j)
r espect ThetrgnsitTivee tfoatisi # bounves gomgtinenes foodMivc@sE god riginmest fordgrdrdd, M Nois E
and | tinmes to Mrror F, T(ij), iIs

given by
T(i,) = (1/e) {((/2)-) Dsc + iDgr+ (1/2) ~ ) Dac +/Dic }
15 = (1/¢) { nDyc + (Dsr~ D) +/Dss~ Dac) }
Or, using previous expressions, 7(i,j) = To + AT (i +j ((n/2) + 1)) where T, = (n/c)Dgc. The first
term, T, is a constant and represents a base minimum delay. It occurs when i = j = 0. The
progression of increasing delays is now shown. After i = 0, the next delay occurs wheni=1,j=
20 0. ican continue to be incremented until i = (#/2). Then set i =0, = 1 and start incrementing i
again, This is identical to a radix system of base (n/2). The longest delay occurs when i =j =
n/2). Itis T{(n/2), (n/2)} = AT{(n/2)* + 2(n/2)}. As predicted, the maximum number of delays
is proportional to .
A configuration that is optically identical to the previous configuration can be imagined,

25  having Lenses G1 and G2 replaced with spherical mirrors F1 and F2. As before, Mirror Fl, in
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given by T(i,j) _ (1/c) {((nl2)-i) DBC+ iDEF+ ((n/2) -j) DBC+ jDEC} 15 = (1
/c) { nDBC + i (DEF - DBC) +j(DEG - DBC) } O, using previous expressions,
T(ij) = ™WOB1AT9¢4 +] ((n/2) + 1)) where T. = (nlc)DBc. TIRETiSO&2336t er m
To, is a constant and represents a base mninmumdelay. It occurs when i = |
= 0. The progression of increasing delays is now shown. After i = 0, the
next del ay ogcurs en | =1, j =20 0. i_can continue to be increnented
until i SCWygHon Wlfhm\'@ﬁs F2, images dhe ?EM aitg Mg Mispe Fé thsthignages gton F1
This is identical to a radix systemof base (nl2). The |ongest delay occurs
when i ejto MirmonG3) Finplly,i the qenigrrof 2yrvatune off Yirror(Gi3 (sretegediomdint@)B2.  As

predi cted, the maxi mnum nunber of delays 1is proportional to n2. A

confi gur at i oThd dedign ©f ah¢ idaall dyhed dETD i Wil cdroaddigonpillg Vheon®difiedf todiuipabiethecan
be i magi ned, 25 having Lenses GL and & replaced wth spherical mrrors Fl
and F2. ; i / : LaXa] ion
wth | e%@ﬁ%%%%gﬁ%%%ﬂtﬁﬁ&%ﬁ% glrl%tgr g%ﬁﬁ }rﬁ?g?érlggaé]% r(ﬁaglﬁgléllléz1J %ﬁéﬁ%ée%% r%?%lr

Fl nto M rror Ei nal | t he center urvature of Mrror . [
cent’hr o o ThF FregTgagoR e e diin G7O s iV o Aniagh pifrls 7 he Slane of
additionally be nodifjed to i nprove the nunber of potential_ tinme delays,
where tthe than eyiding ime dalay mashapsny ingreaiunchop withAhe axiliary mirrgrs; 6¥h¢2.
The nodification can be done in two parts: first by adding Auxiliary

mi r r or sduah celhevithl samdiany ntitver Slskpwariol Figvee 5 ad di thrpetdimendedah yembitodnaoti therglualn
conjunction with the auxiliary mrrors. The dual cell wth auxiliary
mrror ¢l SRAWR titFir8 48 mirfsts, BrehdvRe 1 SENS tARal Anansiyt M@iorof ahfendidta

cell. Added to it are two mrrors, one over the SLMcalled Auxiliary Mrror
I, d i A | i terial 2t h
a2 T R T oGkl B OB SR E cbec oy B

bet %e ethlr?gr I?%eaggtiéijé;(ilsii? 'l’)gtwl\e/lerg %I%r S]iM alh%ngu;iliarr}]/al\gﬁr?c?r n ﬂgg% has been made
larger to cover the SLM and Auxiliary Mirror I. The turning mirrors are at the left of Auxiliary
Mirror I and the SLM.

The operation is comparable to that of the dual cell with the plane of the SLM enlarged.

The light starts on the Input Turning Mirror and goes first to Cell I. Mirrors B and C image the

15  Input Turning Mirror spot onto the SLM. If the SLM does not change the polarization the light is

imaged onto Auxiliary Mirror I and again onto the SLM. If the SLM changes the polarization,

the light that is reflected off the beam-splitting cube is imaged onto Auxiliary Mirror II. Light

leaving Auxiliary Mirror II is similarly re-imaged back onto the SLM. Lens fl images Mirror B

onto Mirror C and lens f2 images Mirror E onto Mirror F, as before. Other configurations

20  satisfying the same requirements but having various advantages are also presented in the present
disclosure. |

The number of bounces on the SLM, m, is chosen to be equal to the number of bits of

time delay required. For example if two hundred different time delays are desired, that would

require eight bits, m = 8, requiring eight bounces on the SLM. The SLM surface is then divided
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| arger to cover the SLM and Auxiliary Mrror |. The turning mrrors are at
the left of Auxiliary Mrror | and the SLM The operation is conparable to
t hat of tweodwado2cell with the plane of the SLM enl arged. PCThsSob/233ht starts
on the Input Turning Mrror and goes first to Cell I. Mrrors B and C i nage
the 15 Input Turning Mrror spot onto the SLM If the SLM does not change

the polarization the light is | ed onto Auxiligry Mrror | and again onto
the SL M“{OI T ares Sgiwﬁtaﬁa%g@%ﬂ%%ﬂggp% 8o pachrarea. ¢ [GRirtyrshh {npuk sRots are BpPa e
off the beamsplitting cube is imaged onto Auxiliary Mrror 11. Light

| eavi ngthadsningamitrrey inr Bigutel 1§.s Onilyrilieainhages g@ssopatpddwithidhe oppa lefhdasl Mirnirens
fl images Mrror B onto Mrror C and lens f2 inages Mrror E onto Mrror

F, as bafrasrepotQ@rshiovanod itgS1M iand s u2{)iagpbiisbiyionginifieitgane requirenents but
havi ng vari ous advantages are al so presented in the present disclosure.

The number ofhdRHARRS R philiravbih o thé Defih @ Be LRRRAGH L 1§ Bn'dle rBUIREH, OF

bits of tinme delay required. For anpl e i erent tinme

del ays aje, desi.red h d .require egight bits =8, r iri ei ght
bountes B i aikfechig ved Wil AT I8 ey e S viBbot Hirps}Fafd €
PCT/ US00/ 23361 into m areas such that each beamfalls once into each area.
Thi r t y-&F faken Hhea samsghstangedrap digslY astisrorsE snd g dixtiedetl lsngth gap be pReeddml y
the i mages associated with the upper left hand turning mrror spot are
shown afnorithod ofSin\placedof/zagh hiea oy Alkiliagr Miwor 181 Thé metliods ofnerdasing the @ith tehgth
path travel ed by the beam can be changed in Cell Il on the traverse in 5

whi ch i\rvﬂpwjbﬂé@eﬁtegas@lbn%t T fthide @k &Rt & WAR the [AcdhRGH Pathl1BhSth RPRHSEEH be
suppose Mrrors B and are taken the sane distance fromthe SLM as

Mrrors and. F. . Extra path . ength can I d jn_.front of or in place
of " cacre BPER petiof R mipimpp aieRe A B AGS th minieRh oftve S Be RV
length wll be presented shortly. The distance associated with the
i ncleaskhd selasignship éngivin by Adho £&/a) dbevhere bi wahe refipstive odenfof Smmateiial wum
di stance, AL, and AT is the m ninum non-zero tine del ay.
which the light probagates and c is the speed of light in vacuum. Thus the incremental time
increase associated with first area on Auxiliary Mirror II is AT, that with the second area is 2AT,
that with the third area is 4AT, etc. The general expression for the time delay with this approach
is T=2mDgc+ AT (6 + 268 + 48 + ... + 2D g,) where the & describe whether the i-th delay is
15 added in. If §;= 0, light goes to Auxiliary Mirror I, if &;= 1 then light goes to Auxiliary Mirror II.
There is a constant delay, Tc = 2mDpc. The factor of two in front of Dpc occurs because the
distance from the SLM to Auxiliary Mirror I and back required for this case is twice the distance
from the SLLM to Mirror B or Mirror C and back as required for the Dual Arm cell. There is also
an incremental delay, T; = 2AT (6 + 20, + 4&% + ... + 2(“"1)5,,,). The maximum incremental
20  delay, Ty is given by Tyme=AT(2™-1). This is a considerable improvement. The incremental
length, AL can be implemented in many ways. For small time increments, blocks of material

such as glass can be added next to the auxiliary mirror. For larger time increments an optical

transmission line of the desired length may be added.
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10 The relationship is given by AT = (2njlc) AL, where nl is the refractive
index of the material in which the Iight probagates and c is the speed of
i ght in waowomo2dhus the increnental tinme increase asso®CatESdo/M3bh first
area on Auxiliary Mrror Il is AT, that with the second area is 2AT, that
with the third area is 4AT, etc. The general expression for the tine delay
with this ap;lgé%acrh is T.= 20DBC + AT (Si + 281 + 493 + ... + 2(n')5,,,)
where the S1TeeRethodelddingdlodks ef glagsorgthen iransparent spriesipliin shavn ig; Figurg Sa,

i ght goes to Auxiliary Mrror I, if 8 =1 then |light goes to Auxiliary

M rror Wwhere Bihelseof glass obmisfferant thédkayss ¢ sho@mDBThe Bheeks ace oriemttd ttawareplace
front of DBC occurs because the distance fromthe SLMto Auxiliary Mrror

| and baegkiliaBMik&dLITHe thidkeess 86 theibSodkdafechobéh b thatanE 8ddifis@MitlRaeliMdtrer
Mrror B or Mrror C and back as required for the Dual Armcell. There is

al so [ I (S + + 4 +. +. o ).
The. mag emsne o By Gl Gecsiive Do inerdagd, & Hubrdbhames kbl flctncy)
is copsi derabl e i nproovenent. .The incremental ,length, AL ¢can

| ot el BT o g, TBE 1 B Y Ees rainenis eashregion o By Rer iupna
such as glass can be added next to the auxiliary mrror. For larger tine

i ncr enefeceiventhgssosiated delayh origees torAwiihary dvlirtand and s¢aeiigs nervigtay. ey ekample,
added. 29 WO 01/014924 PCT/ US00/ 23361 The met hod of addi ng bl ocks of gl ass

or ot heon & parisplar pas thweugh thelcell suspsurthel beaklsqpol #ization isvdueh ehabitgakses erogdtass
of different thickness are shown. The bl ocks are oriented to replace

Auxi | any débkRllitek] -ThI$ Bedrdiobkd@SKIiREr BNE B! B6KSHIRER AR A&&iﬁd}gp\gfg{}g I,

additional tine required for the beans to 'go through Successive
i ncreases. as,_powers of;t hmes.the initial:thjckness | n, operatj.on, the
light i chmgtlef\?se%o %%Ssm{)bogié\g a%‘fl{}%%elwetsdwe(ieé@"sbc?q QW{(B?SS&BQ ?)F?IBIS J%ﬁﬂr’rzﬁ{d n pgs
and receives the associated delay, or_goes to Auxiliary Mrror | and
r ect vebesnshargedy thethsamegogpin MirroisE ar Band ihegpaito paxibiaryiMirer! whereds passes
suppose the beam s polarization is such that it passes through the
beanspl ihtrdugh.thdssscibed exgo eptidabdistancoof tBe glasylotk.om whi ch it goes to
Auxiliary Mrror I, encounters no glass blocks, and receives no delay. If
on that passathefdReam smdoR! Akl thakhieknddRand refractive index of the beamsplitting prism.
Let f be the focal length of the White cell mirrors, and let d be the distance from lens 2 to the
White cell mirrors E and F, as well as to mirrors B and C. The focal length f1 of cell lens 12 is set
15  equal to dgr. The distance d» from lens fl to Auxiliary Mirror II is divided into two parts, d'»
filled with glass of refractive index »,, and d",, filled with air. This corresponds to a
representative block of glass.
The expressions for the thickness of the air, d''; and thickness of the glass, d', are given in
terms of two parameters, the minimum distance between the lens and Auxiliary Mirror I db
20  and the minimum transit time, 7y,, from the SLM to Auxiliary Mirror 1. They are db yin = 2dgr—
(erlf) — (dy/ny), which reduces to the single cell imaging case if the material along distance d, is

changed to glass of index #; and d,2>d). For that case there is a minimum transit time from the

SLM to Auxiliary Mirror I and back. It is Tyin = (2/c) (m1d1 + 2dgr + domin) = (2/c) (md) + 2dgr +
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10 been changed, the beam goes to Mrrors E or F and thence to Auxiliary
Mrror Il where it passes through the associated extra optical distance of
t he gl asswbloooki92/As before, dl and nl are the thickness amdTrishe/zssti ve

i ndex of the beansplitting prism Let f be the focal length of the Wite
cell mrrors, and let d be the distance fromlens f2 to the Wite cell
mrrors mryrors B _and e focal length fl of cell
Mens 207" 2?151@ e&\é@tl o BaBrH R e Do P Eaen i UREXPIH Ry
Mrror Il is divided into two parts, d'2 filled with glass of refractive

i ndex ntheredndoglads, d4i+0ed with air. This corresponds to a representative
bl ock of glass. The expressions for the thickness of the air, d"2 and

thi ckness of Thdie i9ltasss ofl'tBesdl FarBh¥BR tHe tHiG:eE of, sa g@&@mﬁr&qu&&ﬁfm
m ni nrum di st ance between the Iens and AUX|I|ary Mrror d2,,,t1r| d

t he mmrrumt n.5|t fro _ y
bre o RyeRenlal SerAq) By Py NPy Do RO dup e DE g B

i maging case if the material al ong di stance d2 is changed to gl ass of

| nde ndisance, da- fromn lepo ttOhétinb@tyg\dtrrf@rlelsl Gvan B fs mnb A3 £ RO he
SLMto Auxiliary Mrror | and back. It is T,nin = (2/c) (nldl + 2dEF +

dz, , nj nT,,,,m)( 2B seting diT; + 2GEF —+29@AY&Ot}&§é @d}é&ﬁ)ﬁs Rex /thiG0 06 2386 1o (cAlGate the
(d2EF/f) (dl'/nl)). Both the m ni nrum di stance and the mninumtransit tinme

TS T AR A B R

i'ncrement af
, nrn |venb 2—{n2 (e12).(Tl - T and,thetotal
d| 5t ancee ezﬂatﬁﬁi GW“ éz(f”P Tt CAtzfin %wi @fllts F°1PP‘?I§ .t%h? PFVigys equgbion f?rn +
{1/ (n2 . 1)} (cl2)(TI "tjn). By setting (Ti - Ti,n,n) = 2(1"1)0Tl, these

equat i oths duahcelln eﬁleb@pnwh usgomgless oek istgood it vy esell alelayhe If thir bisichs leet
Alternatively, if all the dinensions are known, then the transit tinme can

be gl citbabegihes thTbean{s2faPtotbrbidentdnddire V@ﬁettd"dl Y the 'EB%§ of the GISERATA MR chR
the previous equation for the dual cell. The approach using a gl ass bl ock

i's 9°°dotft18{ap‘f)?c§a¥h§s'lﬁ£§b@'ﬁée‘a}’s- I f the bl ocks get

One approach would be to use an array of optical fibers in place of the glass blocks.
The lens transmission line provides another method of generating time delays that may be
appropriate when the delays are much longer than those allowed by the glass block method. The
15  situation is shown in Figure 9. There are five lens groups labeled 43a, 43b, 43¢, 43d, and 43e,
each group comprising three lenses. The plane on the right 44 is the input or object plane and is
intended to be coincident with and replace the plane of Auxiliary Mirror II. Light that was
reflected off Auxiliary Mirror II now proceeds to the left into the lens system. There are five
planes conjugate to the plane of Auxiliary mirror II, labeled 45a, 45b, 45¢, 45d, and 45e, lying at
20 the junctions of the five lens groups. Figure 10 shows the plane of Auxiliary Mirror II and the
five conjugate planes in three dimensions. As all the groups may operate identically, only one
group will be considered. Recall that at the input to a group and the output to a group there is a

plane conjugate to Auxiliary Mirror II (and therefore to the SLM). There are three imaging tasks
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10 too long then the beans start to broaden and are vignetted by the edge
of the block. In that case other approaches may be used. One approach
woul d be wo ouse9an array of optical fibers in place of thecglesee233bnCcks.
The |l ens transm ssion |ine provides another nmethod of generating tinme

del ays that nmay be appropriate when the delays are nmuch | onger than those

all owed by th | ass bl.qck. met hod. The 15 situatipn.js shown in Fiqure 9.
Ther o aPQlornge by a gEovy b Peiok Shesist 4 JSiabapendyail Soerifgiet Toled it
conprising three | enses. The plane on the right 44 is the input or object

pl ane ahir other twettakgelgal withhighisontereasien. wi t h and repl ace the pl ane of

Auxiliary Mrror Il. Light that was reflected off Auxiliary Mrror Il now
proceeds to Thefitsfgossibleaaslhef hdass sypap dmto Thege ther mphi venjugateaplae ooy tgat e
to the plane of Auxiliary mrror |1, |abeled 45a, 45b, 45c, 45d, and 45e,

lying agutght dofightestinedMBhdfent REthkicéRtel BEForEsQHRSpedidYd! erhtGosd Wt B the
pl ane of Auxiliary Mrror Il and the five conjugate planes in three

di Si ) I r Q i ti I nly.one rQup Wil |
be consites 4 e cabit el ol ot RBE a6 80,4 et 2P RS e
group there is a plane conjugate tq Auxiliary Mrror Il (and therefore to
the SLMesirethapaging. cIheingut andauim coniugate nlangsare 19@&3@% mEgmigeien 93361
performed by a group. The first task is basic to the operation and will be
consi der ed i Imepdiagion) g portibmeofdhh ereas wbHeachsiosjugatal plaviet dre ré¢mlied bynsetcahstripn.
The first possible task of a lens group is to inmage the input conjugate

pl ane omfrgork.h Q‘heéélﬂrédstco@&@ﬁbdiﬁ&b ehhrafeof thBgldse BRockdir the pR@R&Brdepghfl ori®is
t hat operation. The focal length of the 5 lens, f can be separated from

bot h Cogéie{]{%gk‘l%%lgéuﬁp %8@%@ sHARHERGS cgfresp-gpji o %ﬂnﬂ{d}guﬁfggg lﬂgc;ldegleﬁ{. ARD 1 of

i magi ng. t and output conjugate-planes are rela

magni fication of ,-1.. | eration, a rtio f t areas o ch conjugate
ool ofiE Ht danttig R diasies hobl b Crorh Sk Yadas o HesiCal soiler
the areas of the glass blocks in the previous design. This is seen in
Fi gur e nlanenh¥s by thhererivabisitipanisgs pleoed ts¢voathe dmpgreofiireadr J.ightipgssing thedubnt
in Area | of

Area II of the plane of Auxiliary Mirror II passes through Lens Groups 43a and 43b, and is

reflected by a mirror placed in Conjugate Plane 45b at the image of Area II. Similarly, light in
areas III, IV, and V is reflected by mirrors strategically placed in Conjugate Planes 45c¢, 45d, and
15 45e.

The length of the lens groups determines the time delays. The length of the first lens
group may be chosen so that the light that travels through Lens Group 1, reflects from the strip
mirror in Conjugate Plane 45a, and travels back has the shortest desired time, A7. The length of
the second group is equal to that of the first group so that the transit time through groups 43a and

20 43b and back is 2AT. The length of each successive group is then made equal to the sum of the
lengths of the preceding groups. The length of group 43¢ is made equal to the sum.of the lengths
groups 43a and 43b. The transit time then up through Group 43c up to Conjugate Plane 45¢ and
back is 4AT as desired. The remaining lengths are chosen accordingly so that light passing up

through Group m to Conjugate Plane m and back has a time delay 2™V AT.
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10 the plane of Auxiliary Mrror Il passes through it and Goup Gl, and is
refl ected at conjugate plane 45a by the vertical strip mrror placed to
cover thewpmageef Area |. Light passing through Area || Pofi/tushe233bane of
Auxiliary Mrror Il passes through Lens Goups 43a and 43b, and is
reflected by a mrror placed in Conjugate Plane 45b at the inage of Area

1. Simlarl | i.ght j.n reas IL1, 1V, is reflected by mrrars
strategi cal I%étlﬂnéf%’e{f {hﬁ O&%ﬁjtﬂ'ﬁeﬁ%ﬁ Iﬂe%fﬁ’é’%gd;%é?ﬁ%g’éﬁ SLoHBS, thes sergnd taﬁkénY‘é‘ﬁﬁt h
of the lens groups determnes the time delays. The length of the first lens
group neRsyEngpEes thpughput. These hpyshbeentsdvatiangwdiese ithyasnghdesieserstoGrus appldne
reflects fromthe strip mrror in Conjugate Plane 45a, and travels back

has t hem#hwrih elst cobfusgateeplahe next td\the [Efichahé hgishofalie grobp t¢ afRodligit Gdek tHoggual
to that of the first group so that the transit time through groups 43a and

20 43b @Bdydaak KitwilldR esitite tEREERIIThe BRAINALERRS %Xg%]}%gg E%gﬁﬁ%%lg@% fo

equal to the sumof the |I|engths of the preceding gr

gro 43¢, | tg. the sum.of.the.l t roups 43a. and 43b. . The
r arts (otfbdcR RAEh B Pons BRIt S 16588 Fong 3 S4B s 3RO
is 4iT as desired. The remaining | engths are chosen accordingly so that

|i ght pHB¥1 g Plige mlﬁr%eﬁgwa@ddms? forit e HpeRpattee PaderdoTs M 93 RhiR aeaybe
time delay 2(n'l1l) AT. 32 WO 01/014924 PCT/US00/23361 Returning to the other
t wo t asdcsopplished bpdetting thecfocadrdenggh ofifhs lefi-hend oo bel e ko ilrevdistaes of that lens
conserving optical throughput. There have been situations where it was be

desi r edfréf thléenter DEANE Théllehk @hd blané Rfr6 PEYrHEIALRNPNABave @Xfoc1 Qe die of BAIF tieand
| ens of the group to reflect light back through the system It Il be

Wi

desirab o I i . . A 1t he [ ing l.ens
e, 8Lk gy Al s SOERANHAL. S Dy ST,
each group is chgsen so tha en the plane mrror i,s placed next to it,
it 1°her}eP£ﬁr§é§3?eaén@§ﬁ obby ety Amogr ey oh @nﬁ!ﬁl;rll%?hea%mpi ofifbe loffy
letting the focal length of the left-hand | ens be equal to the distance of
t hat | eigd lerparisdsebesenseeits [feend . pofirfeis| emsheeantpt-tmaging densr  Tberefrhinnd denai | |
have a focal length of half the

collimates light leaving any point on the center-imaging lens. It is still collimated after being

reflected by the plane mirror so upon return it is refocused by the left-hand lens back onto the

center-imaging lens. The left-hand lens is in actuality a field lens placed next to the output

16 conjugate plane. Since it is next to the conjugate plane it does not affect the imaging of the

center lens onto that plane.

The third task performed by a lens group is again devoted to conserving light. It is to
assure that all the light entering the center imaging lens of one group left the center imaging lens
of the proceeding group. To do this, the center lens of one group can be made the image of the

20  center lens of the proceeding lens. This can be accomplished by properly choosing the right hand
lens of the group so that, when combined with the left-hand lens of the preceding group, the
desired imaging is produced. This can be accomplished by making the focal length of the right

hand lens equal to the distance between the right hand lens and the center lens, so that the focal

point of the right hand lens is on the center lens. Light leaving a point on the center lens of one
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center-to-left hand | ens distance and there is a magnification of -1 so
that the edges of the center 10 |lens are indeed i maged onto thensel ves.
Anot her viaQ ood1492nsi dering the operation of the |eft- hanacCirasso/2assses
because its focal point is on the center-imaging |l ens. The |left-hand | ens
collimates light |eaving any point on the center-imaging lens. It is stil
collimted after bgjn reflected hy the plane myrraor so upon return it is
r ef ocusEEURYS ’ithﬁ% cp W’cg%hn thealedt handidensy ltqﬁ@us{gehx te. lilgmélaﬁé Iensif thepext

|l eft-hand lens is in actuality a field | ens placed next to the output 15
conj ugagreupbsinghe Gimerdmiagingdensenftthe wext gwupo Mjhegas enpiame edxteptioastha dirstdédsect
the imaging of the <center lens onto that plane. The third task perforned
by a | emsthgfiestiprbwp Boaied Mienoed Bobriostonae byt imbght ledstofithe Fiest gasigpr withhat
all the light entering the center imaging | ens of one group |eft the center

| magi ngthlaé%ntﬁreeq&gét o%hgﬁi%ﬁg,ie{' Yﬂg Q%U%agé;}t‘)%ir?e fsrﬁirl’?a’gecg Bﬁtﬁctﬁghgit do a@fplﬁgé?

group can be na e | nage o ens -o e proceedi g I'e

Thi s. can be acconpljshed. b roper choosing.the rig hand |ens of e
o o0, ST DR Geh Ao O e RO pging T UL PREcSs cab B pgnded
group, the desired imaging. is produced. This can be acconplished by making
t he focilmewrdplaysotretdesired yth meenarovpsgndduere areast oie Adixdliaan AMirtpsthead itshe
right hand | ens and the center lens, so that the focal point of the right
hand | esjugateoplaiedse center |ens. Light |leaving a point on the center |ens
of one 33 WD 01/014924 PCT/ US00/ 23361 group is then collimted by the left

hand | ens ang § §kRENSERNPYrouPE AltbABlivaIA RAoWE BS a Wns!thieh, M SegnBhRURn R Ocdnhe
center imging I'ens of the next group.” There is one m'nor exception: the

first lens. . 4n.the first.graq. i e rror r..F _on t he nt

| gt ng TmehDpb dfmacd Rl gpilihes TR 8 oviieBlon arlhdts I uhiRD! 8k s 2

gi ven conjugate plane is jmged onto_the next conjugate plane 5 and no

i gt i Bragggrating, Jlagn forebeamt bongrcare thrpueh e Brhite cgk fﬁs dﬁfgﬁ dexperignsen gelds s
can be extended if nore delays are desired with nore groups and nore areas
on Auxi dépang odlits mavelehgtan drietcouldowsejaugadbde fakarte program in the delay by changing the

wavelength of the device. Such a cell would not require a spatial light modulator or a dual White
cell, just a single White cell with the lens train in place of Mirror A, where the SLM used to be.
There are other approaches that use tunable lasers to map delay to wavelength. In one
15  such approach light is projected down a fiber containing Bragg gratings tuned for different
wavelengths. Depending on the wavelength of the beam at any instant, the light travels down the
fiber a different distance to the correct wavelength-specific grating, passing through all the other
gratings, and gets reflected back. A tunable laser or wavelength-altering element may be required
for each antenna element in this approach.
20 A Deformable Mirror Device spatial light modulator (DMD) is also used in the present
invention. The DMD has the potential advantages of higher information density and faster speed.
But it also has some associated problems that have to be addressed. The DMD is a pixilated
spatial light modulator. That is, the reflecting surface is divided into incremental image areas.

Each image element has a mirror surface that can be independently rotated to two positions, for
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In a systemof |ens groups, alternatively knowmn as a lens train, the
segnented mrrors can optionally be replaced with gratings that reflect
one wavelwpogtli@ed pass all others, such as a 10 Bragg gramiusgo/23Bhen for a
beam bouncing through the White cell, the delay it experiences would depend
on its wavel ength. One could use a tunable |laser to programin the delay by
changi ng the wavel ength of the device. Such a cell would not requir

spat i al S¥ampl makingienglss ob#1Q° with fhagrfage. Té@mlemﬁ%%%mdneqltﬂ@tpéhWFqceoeef Fhe
with the lens train in place of Mrror A, where the SLM used to be. There
ar e ot hesflectpdlightche sharigatg thsaenpuirditscion &sens of tvoraptpdt tiagctions.wltvddesribisthy | n
one 15 such approach light is projected down a fiber containing Bragg

grati ngmdividied ithgfe déhéer ame direerial @nggdisan BeepaRbrmgd dito hh anptivrlehgide 9f
the beam at any instant, the light travels down the fiber a different

di st ancaarécanyeﬁe ROLLRE; gwﬁhfgﬁgwg ol 89 sorR@R B ML PuRld

t he ot her at1 ngs, getsr tuna

thi @ apfied: T e B T s FRFeH G Boretnat o (st

is also used in the present invention. The DVD has the potenti al

advant a@l@@g@fhetﬂ‘/glﬁé? observdrmnlibtdedensi ty and faster speed. But it al so has
sonme associ ated probl ens that have to be addressed. The DMD is a pixilated
spatial | i ghimagigtus @twthrouphathe IDMDLt svefacefWwiestt ithregingdividuat enitreredi iviage @leinitints
incremental image areas. Each inmage element has a mrror surface that can

be i ndea;ig RAGHE | ¥orhO bl Bthitdintofe dﬁ'@éti&n' ?{ésremaﬁ’i'ing%u}/(‘ﬁ)e%éﬁ%s‘ll%%ﬂe other pos31ble
PCT/ US00/ 23361 exanpl e maki ng angles of 10 with the surface. The el emen s

i oot BFEEnoge GREIEL Siipase | B utrEresny o plavltiviothod Ty RefhptifFry P

i mge el enent. The direction change can be transforned into an anplitude
chame toythe gilaveatfithe DMB is e¢flestedeftorhiaggiven hmgsvgﬁﬂuerm:ntalpérat) ulde geflagiive imageg
it to sonmething blocking it. Pulsing 5 the mirror between transmtting and

bl ockedegf@h@%r %lsaaré @ﬁﬁeﬂt@sstqﬁéret 16in 8% @ H@SRANEpaci o] Afn bERRABY Berlths.
aver age observed anplit

There is a hole in the center of each image element roughly 64m in diameter. The pixels rotate
about a diagonal. The light incident perpendicular to the paper is reflected in the +x direction.

The DMD presents an interesting pattern on reflection. To see this, compare it to a flat

15 mitror 47 as shown in Figure 19a. The intersection of the mirror surface with the x - z plane

makes an angle & with the x-axis. A plane wave travelling in the z direction enters at the bottom,

is reflected off the mirror, and exits to the lower left. This is in the near field of the mirror. A

continuous reflected wavefront results as expected. Considering a plane wave reflected off the

DMD 48, as shown in Figure 19b, the image element mirror surfaces are all oriented in the same

20 direction for simplicity. The mirror surfaces do not form a continuous surface as in the case of

the extended plane mirror. As a result the field reflected off the DMD is a discontinuous set of

wavefronts all travelling in the same direction but with some lagging behind. The discontinuous

set forms an "average" plane parallel to the plane of the DMD. However, this average plane is

not perpendicular to the direction of propagation of the reflected light.
35



| magi ne a cut through the DVD surface, where the individual mrrored i mage
el enents are shown. Sone are rotated in one direction, the remaining
mrror elwWosmosides the ot her possible direction. The anglPer/uspo/zd3etip is
10 on presently avail able devices so that |ight incident normal 10 to the
pl ane of the DVD is reflected froma given inmage el enent at 20'. The

reflective i | eprent's or pix re currently square, 16,um.on.a side

Wth a spaci T et o i lmenisal by 65 nSttie RebneoR THEE sniie AR TP eor

each image el enment roughly 6,umin dianeter. The pixels rotate about a

di agonadifficplient timghto imagedibn DN Brip eeidictad léghtt dhe Idéflep@lﬁens shewn d Fegtred0a. nAt he
x direction. The DVD presents an interesting pattern on reflection. To see

this, comMInu4e attthd Rfiaisfi doinallil Sllwhinaed with abeamoftomithe Fight/rkheliRdectdddight is
intersection of the mrror surface with the x - z plane nakes an angle a

Wi th thg, Xz@%if a ferd C.n? TN@?tﬁ@r %refarbgérét ipguglgi forithe ilﬁagét ggﬁ% gggeﬁo@ﬁcﬁeaalaﬁo fhe

bott om I's reflecte e exits to r'left. This is

in the near. field of the mrrar. A. continuo reflected vefront results
ve & pebiiation bREpReriontahe iRt BRRIE  Ba G e FhES: Pitiage i
in Figure 19b, the image el enment mrror surfaces are all_ oriented in the
same 20rraipprsdel ey ilothe dnagsificatioy is wty on ity leap iy mogated tpobsparakled tmthe object
continuous surface as in the case of the extended plane mrror. As a
resul t plhaee.f iThednaiaf preblead ivtHat tthee obBeEt hsd amdges plants areonst paperaficular to the
wavefronts all travelling in the sane direction but with sonme |agging

benhi nd-di?é&ﬁoﬂ%ﬁ%‘éﬁ&a@i%ﬁys set fornms an "average" plane parallel to the
pl ane of the ) wever, this average plane is not perpendicular to the

direction of i opof . the refl [ ght . 04/
pcTy Usoo/ 233t Terhicepan 8 FRBE erEiesBERT o o @Yeinpp B R DA 1 o e

continuous surface makes it more difficylt at tjmes épo i rage t he in
ref1&ctay lepyng it pepepdieylac i the swiagsqainshoynringieare gdp, then %WE‘? XU OF R
left is normally illum nated with a beamfromthe right. The refl ected

| i ght i problemag&blatvis tthe way @nsjed0rs udgig the DVbBeopdritec tFoplapplication in heWhitagell,
pl ane is perpendicular to the 5 direction of propagation of the |ight
| eavi nghdv&ePMnay Pélgdsdabietodiaive Gihtitippracking theSI0d fRIn@Beth directions.
One way to remedy the problem of the object plane and image plane not being
perpendicular to the direction of propagation is to use an associated prism to change the direction,
15  as shown in Figure 6. The DMD is illuminated with light normal to its surface as before, and a
prism is placed in the reflected beam. The directions and the angles of the prism have been
adjusted to remove the angular offset of the DMD. The lens is then used in a normal fashion.
The effect of the prism can be demonstrated analytically. To do this, a ray matrix

description is utilized. A ray with slope p, incident on a DMD mirror/pixel leaves the pixel with

20  slope pi. The 3x3 ray matrix for the DMD whose mirror elements are tipped by =6is given by

Y1 1.0 0y,
p|={0 1 £28| p,
1 0 0 1 1
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are parallel only if the magnification is unity or if the lens is rotated
to be parallel to the object plane. The nain problemis that the object
and i nagewploanes2ar e not perpendicular to the direction ecTasopagati on. |f
the direction of the Iight were reversed so as to be incident on the DVD 49
at an angle 10 and leaving it perpendicular to the surface, as shown in

Fi gure 20b, then there would be no proble That is, the way projectors

usi ng e B %ﬁ@ﬁa e ﬁ%@raﬁﬂaﬁ‘i@ét FEBFPSFTHEd, byipihe e cauaighelens that PR be
necessary to have |ight approaching the SLM from both directions. One way

t o r eneilettion the pbsitiom of therray adsheios coristant and thei ssaersl bhcan equation shpweg) that the
perpendi cular to the direction of propagation is to use an associ ated prism
t o changepd dangs/daetii®by +18. SEniERRME hafib&ndU6En Bhat THEthOWREst $hd tayunatArfed
with light normal to its surface as before, and a prismis placed in the
refl ect ed.beag %526 g(1i rect i.o%s nand | hrcla angl es of the prism have been

adj ust eUPER" PeiBVe e & 8&? = 101 et Pﬁ the DVD. The lens is then used in
a normal fashion. The effect of the prismcan be denonstrated analytically.
To & this, ray matrix description is utilized. Aray with slope po

i nci dent on gy m Oror/ @i xelylleaves the pixel with 20 slopepl. The 3x3
ray matrix f th ODWD(‘f/”—glég iriror elenments are tipped by 9is given by 1 0
Oyo 012 % 01 1/ 014924 PCT/ US00/ 23361 The first of the
three |inear\dquat?ofs represedt/ed by the matrix equati on shows that upon
reflection the position of the ray remains constant and the second |inear
equat i ORetafiOWs tHehdtuatibe in Figpe chaages DAIDEStdnothe gl 0. thht tHel hghtis reflediais
been shown that for the prismthe ray matrix for a prismof snmall angle a

and i ndgxy Rl st @NiR¥ncd d and passes through the prism. The effect of the angle on the DMD

10  can be cancelled. To find the conditions, multiply the matrices for the DMD, the translation and

the prism and accept that the product be equivalent to that for the translation by itself. Thus,

y) (1 0 0 1 d 01 0 o)y,

pl=10 0 —m-Dall0 1 0{|0 1 +20|p,

1) o 1 o0 o o 1)1
1 d  +20d (v,
15 =0 1 20-(n-Dal| p,
0 0 1 1

It is seen by taking the product that the angular offset of the DMD is cancelled if & =28/ (n-1).
The horizontal axis is then translated upward in the y direction by a distance y; = +2d6. The axis
is selected by choosing for the position and input slope y, = 0 and p, = 0. Using these in the
20 previous equations, we find the output position is y; = +2d6. This is reasonable because the axis
has been raised by a distance y; = 2d@ in translating a distance d. To compensate for this, set
yi=va—yi=-20d. This affects only the top line in the above equation. The result is the following

matrix equation. Note that the equation has the form of a simple translation by a distance d.
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100Y0 00(n-1) ap0 0011 Returnto the situation in Figure 6
where a DMD is on the left so that the light is reflected upward,

transl at ewoaldiseance d and passes through the prism The Pefrfusot/23361 t he
angle on the DVMD 10 can be cancelled. To find the conditions, nmultiply the
matrices for the DVMD, the translation and the prismand accept that the
product be equivalent to that for the translation by itself. Thus, 1 0 0 1

dOo100vy0, £0,0-(n- 01001+20p0 0010020012 1151d +20d
yO 0 1 20-( yﬂ a bod }1 11t is seen by taking the product that the
angul ar offs cancelled if a =20/ (n-1). The horizontal
axis is then n ated rd in the y direction by a distance yd = +2dQO
The axis is Ie Red b 05|ng for the position and input slope yo =0
and po = 0. Lblng these in the 20 previous equations, we find the output
position is y, = +2d0. This is reasonabl e because the axis has been raised

by & di Thanrathythe-redeffinddnatis s prish mympensasasamicey dor e augnbar ndefleetidroof thei s,
set vy, y2 ya y2-2 Od. This affects only the top line in the above

equati opMpJhe result is the following matrix equation. Note that the
equation has the formof a sinple translation by a distance d. 37 WD

01/014924 PG, US0R(A336Jf the D1 ¥hitcdil QviPunequal arms using the DMD is shown in
Figure 7. There the DMD 31 is at the left and to the right of the DMD are lens f1 36 and
spherical Mirror C 35. There are two paths, depending whether a given pixel reflects light up or

10  down. For light reflected downwards there are prism P 37, lens 2 38 and Spherical Mirror B 39.
For light reflected upward, there are Prism P, 32, lens /%, 33 and Mirror M 34. The prisms
counteract the angular effects of the DMD as described.  Of the two sets of conditions, the
SLM-imaging conditions, and the light- conserving conditions, it is simpler to consider the
light-conserving conditions first. The light-conserving conditions are that Spherical Mirrors B,

15  C, and M be imaged onto each other and no light is lost going around the outsides of Mirrors B,
C or M. This is accomplished by placing Mirrors B, C, and M in the focal planes of Lenses f3, fi,
and /> respectively. The curvatures of Mirrors B, C, and M are all chosen so that in conjunction
with lenses f3, fi, and /> the DMD is imaged back onto itself. As has been shown, images of the
centers of curvature of Mirrors B, C and M through Lenses fi, f2, and f» lie on the DMD. The

20  result is the equivalent of the dual cell in Figure 3 with equal arms. The light can go from Mirror
C to Mirror B and back or from Mirror C to Mirror M and back depending on the state of a given
pixel. The DMD decides between the two paths on any particular bounce.

For the DMD imaging conditions, Lens f; can be chosen to image the DMD onto Lens f4
and the radius of curvature of Spherical Mirror D chosen so that its center of curvature is on Lens

25  fi. Asaresult, light coming from the DMD is imaged by Lens f; onto Lens f;, then re-imaged by
38



00115 Thus, with the redefined axis the prism conpensates nicely for
the angul ar deflection of the DVMD. The equival ent of the Dual Wite Cell
wi t h unegwelolar4ye4 using the DMD is shown in Figure 7. Thece/ushe23D 31 is
at the left and to the right of the DVD are lens fl 36 and spherical
Mrror C 35. There are two paths, dependi ng whether a given pixel reflects

light u l'i gh reflectedd ere are ism P137

| ens fzé)@@rl& dM%E eP gﬁ?k W‘%r L?HSBﬁ*S@l “’F‘%ﬁegvg]y\sﬁf’nsréfg%“(l;‘t %@Ol}fﬁﬁ&r%ﬁ reqHEEd
are PrismP2 32, lens f'2 33 and Mrror M 34. The prisns counteract the
angul arEgfivalently, sihoe ftee DVieraef alewdwiedSpheXical Adirtondies ensLarfs fgdhii inagad byt he
SLM i magi ng conditions, and the light- conserving conditions, it is sinpler
t o conslidgls éitie thel DRID a@&ﬂﬁi@éd{i ng conditions first. The |i ght -conserving
conditions are that Spherical Mrrors B, 15 C, and M be i maged onto each

ot her and noyl d;ﬂfbtnohshélﬁ%nﬂgﬁrpﬂoﬁ{ AHiBut %%r&'*ﬂéfd\g% Hit. l\ifgglgiérglirﬁh? oftsffe M

Thi s |s accorrpl she by placing Mrrors B, C, and M | n t he anes of
Lenses f2 res v, + The,.cur rror.s B,

o 5t 1ot imadbng i 6?1} ¥ POSHGR B AESSA eftibl Fifof zTﬁﬁemﬁlD
is imged back onto it has been shown, images of the_ centers of

cur vat udiEects thiylighbfos Sﬁler@ala%rrm 3 rédigdnthen Awagesrit onfooa pixel ity the| up” pasitier
DMVMD. The 20 result is the equivalent of the dual cell in Figure 3 with
equal dFtwspixdlhthend diyhtts clanligha t6 ISphedidat Mirror G5 twhidh images B baelt tbalokDMD f I
Mrror Cto Mrror M and back depending on the state of a given pixel. The

DVD decjig@ $s Ry W&ot B0 P e hiit® nTHé‘Mldi’é‘UstoTﬁB'o@'ihe@MF?o difeRf 1ot 1t E?MBe
i mgi ng conditions, Lens f3 can be chosen to inage the DVD onto Lens

and t he oﬁ%aldlsofog h%ﬁfrze\ﬂ%ﬂ@g 3% th ’30 Mal ﬁ\{ﬁ E?g hgﬁq tﬂe?onlgé)hal %fl é}%'%gzﬂt er

of curv ure’1s ens

dbyL sf3oto ensf4 th re-im by 38 V\DOl/014924
?%sdtﬁ% S ATF B s Q9 a:ept?ﬁia&ﬁ%«ﬁﬂg thearggyshonagadigie lerifters
back onto i tsel f as reqw red.
the last bounce off Spherical Mirror 35, the light goes to Spherical Mirror 39 and to a pixel on the

DMD which is in the "up" position and directs the light out of the cell.
The distance from the DMD to the lenses fi, f, and f% is designated d,, and the focal
lengths of Lenses fi, f5, and /> can be taken to be equal. Starting from the turning mirror pixel,
15 light travels a distance 4(d, + f1) to Spherical Mirror B and back and then to Spherical Mirror C
and back to get "into the system". The light can go either to Mirror B and back and to Mirror C
and back, a distance of 4(d, + f1) or it can go to Mirror D and back and then to Mirror C and back,
a distance of 4(d, + f1) + 8fs. To exit the system, the light goes to Mirror D and to the turning
pixel, a distance of 2(d, + f;) + 8fs. Then if there are m bounces, m, of which are switched to

20  Mirror D, the expression for the transit time through the cell is
T'= (1) {4(do + /1) + ((m-ma)4(do + f1) + maA(do + 1+ 2 fa)) + 2(do + 1+ 2 f4)} = To + moAT

where the constant part, To,and the adjustable part, AT are given by
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Equi val ently, since the center of curvature of Spherical Mrror lies on
Lens f4, it is imged by Lens f3 onto the DVMD as required. In operation,

i ght corwe oif149eo&Hm an i nput source bel ow the unit. Light PCTarsoe/msenut si de
5 source is inmaged onto a pixel in the "down" position which acts as a
turning mrror. That pixel directs the light to Spherical Mrror 34 which
then images it onto a pixel in the "up" position. The pixel then directs
the light to Spherical Mrror 35 which inmages it back to the DVD. The

light is now considered to be "in the unit". The choices of tip of the DVD
to direct Tbo (Hchdotitit h8 /s shish(do A of Spherical Mrror 34 and back to
Spherical Mrror 35 or to the long path of Spherical 10 Mrror 39 and back
to Mrror 35, as can be appreciated fromthe array shown in Figure 7. After
the | ast bounce off Spherical Mrror 35, the |ight goes to Spherical Mrror
39 and toAthwg)gn,Q? the DNMD which is in the "up" position and directs the
| ight out of the cell. The distance fromthe DVMD to the lenses fl, f2, and
f2 is designated do, and the focal Iengths of Lenses fl, f2, and f2 can be
taken to be equal. Starting fromthe turning mrror pixel, 15 |ight
travels a distance 4(do + fl) to Spherical Mrror B and back and then to
Spher i cBhe time isreneerd pr(1hae: faqng dhere pigri qhpices,psbefare. The 1ight can go
either to Mrror B and back and to Mrror C and back, a distance of 4(do +
fl) or it cafhgbinhry 84lF pbHFighreafids andidaed nette withcaudiliarp miGosnghdoa ekeans dor
di stance of 4(d0 + fl) + 8f4. To exit the system the |light goes to Mrror

D and t géding Bish&. TRE ¥QhivalentBfFHARE S With WdRuxtlidry mitrof ¢ shdWen Figukdrgr e

are m bounces, n2 of which are switched to 20 Mrror D, the expression for

%Eﬁ ) Fbls S b %ﬁ@i‘g% %%ﬂ? %?Eﬁ%%%’ﬁ?e Wil 455 DR T SPesiee s et SRPrGRler o
, .10, j . AT i ) 39 WO
01/ 1 aoMlimmeH w0k e Becmresaamea o dradierPh Tk dwaas ierio fhe gl pimery sbber £ 4

than back onto itself. The transition to DMD-based optics has been made. All that remains is to
add the either the glass blocks or the optical waveguide. The area of Auxiliary Mirror II can then
be divided into strips. Auxiliary Mirror II can now be removed and replaced with the glass
blocks or the lens waveguide. In Figure 11, Auxiliary Mirror II has been removed and replaced

15  with the entrance to the lens waveguide. The operation is the same as described in the dual arm
binary device.

The preferred embodiments herein disclosed are not intended to be exhaustive or to
unnecessarily limit the scope of the invention. The preferred embodiments were chosen and
described in order to explain the principles of the present invention so that others skilled in the art

20 may practice the invention. Having shown and described preferred embodiments of the present
invention, it will be within the ability of one of ordinary skill in the art to make alterations or
modifications to the present invention, such as through the substitution of equivalent materials or
structural arrangements, or through the use of equivalent process steps, so as to be able to practice

the present invention without departing from its spirit as reflected in the appended claims, the text
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5 The tine increment is (1/c)8nk f4 and there are n2 choices, as before.
The binary cell of Figure 5 is considered next, with auxiliary mrrors and
a nmeans fwpoolexendi ng di stances. The equival ent of Fi gur @CH/usoe/tB3she
auxiliary mrrors is shown in Figure 8. Figure 8 is derived fromthe equa
armcell made with the DVD. The difference is that Spherical 10 Mrrors B
and M have been real]gned, so that the PND i.S imaged onto the auxiliar

' r or SHLIEHOME §ahic e BB B e PRI IB 1§ ¢ t%@@u‘*lhsrﬁf?res
has been made. Al that remains is to add the either the ?Iass bl ocks or
t he optlodinhit Wvinyantide onlhas indicated by pscopaeftheflains and equavalantsthereple di vi ded
into strips. Auxiliary Mrror Il can now be renoved and replaced with the
gl ass blocks or the | ens waveguide. In Figure 11, Auxiliary Mrror |l has
been renobved and replaced 15 with the entrance to the | ens wavegui de. The
operation is the same as described in the dual arm binary device. The
preferred enbodi nents herein disclosed are not intended to be exhaustive or
to unnecessarily limt the scope of the invention. The preferred

enbodi nents were chosen and described in order to explain the principles
of the present invention so that others skilled in the art 20 may practice
the invention. Having shown and descri bed preferred enbodi nents of the
present invention, it will be within the ability of one of ordinary skil
inthe art to nake alterations or nodifications to the present invention,
such as through the substitution of equivalent materials or structural
arrangenents, or through the use of equival ent process steps, so as to be
able to practice the present invention w thout departing fromits spirit
as reflected in the appended cl ains, the text 40 WO 01/014924

PCT/ US00/ 23361 and teaching of which are hereby incorporated by reference
herein. It is the intention, therefore, to limt the invention only as

i ndi cated by the scope of the clainms and equival ents thereof. 41
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WO 01/ 014924 PCT/ US00/ 23361 What is clainmed is: 1. An apparatus for
optically generating tine delays in signals conprising: (a) an input |ight
source, swpdlionpet |ight source adapted to generate at | e&st/usn@233ndi vi dual
light beamfromat |east one direction; 5 (b) an input mrror adapted to
reflect said at |east one individual |ight beam (c) a plurality of optical
el ements _configured so as to define a plurality of possible Iight paths
for eacWhehis¢lqimghis: peam refl ected, by said input mrror; (d) at |east one
refocusing optical elenment adapted to restrict the divergence of a |ight
beam di .erAreappbsatusdiodopttally gbneehtangetinhs d¢lhysougignals compsisingne of sai d |i ght
paths; 10 (e) a spatial |ight nodul ator adapted to select a path from anong
said |'ight pabhs ikt ligBCdourdeasssd Bpubligiisculck 8iMptdiem PehdthRUd basidind indlideal

el enents; (f) an output mrror adapted to reflect each said |ight beam
energi ng from saj Feal .5-:and (g) at | east one receiving device
adapted to recgﬁ}gb%ﬂgsgﬁglﬁt}%%@%%%c?%l ected by said 15 output mrror
and determ ng.the delay in,t | ight beam 2. An, rat.us .according to

C1 i 1 wher ) 1 0at et faptian relFer S0AMtL ant bOBRRET gl BRRr ay” of

| ight beanms. 3. An apparatus according to claim1l wherein said input mrror
i s adj ust abl &) aglualityapienticelielements cantigrred se patadlafingtreploralits af gogsitle dehtt y
of optical elenents is selected from 20 the group consisting of mrrors,

| enses, grati ngathsdticeaph ssiddighbheaMiwefipgad By bedd dguomiirg to claim 1 wherein
said output mrror is adjustable. 6. An apparatus according to claiml

S oL Y MM T RS HE S e B crap e e
varied in af ib)égnq G b(}:f%ai roip%icarﬂ%le%lesn%sbt?negugﬁfat ise%ét%n(e)%% Iszﬁg !ligl?tl p%ﬁ?s?t S
10 (e) a spatial light modulator adapted to select a path from among said light paths for each
pass of a said light beam through said optical elements;
(f) an output mirror adapted to reflect each said light beam emerging from said optical
elements; and
(g) at least one receiving device adapted to receive a said light beam reflected by said
15 output mirror and determine the delay in the light beam.
2. An apparatus according to claim 1 wherein said optical device is adapted to generate an array
of light beams.
3. An apparatus according to claim 1 wherein said input mirror is adjustable.
4, An apparatus according to claim 1 wherein said plurality of optical elements is selected from
20 the group consisting of mirrors, lenses, gratings, and prisms.
5. An apparatus according to claim 1 wherein said output mirror is adjustable.
6. An apparatus according to claim 1 additionally comprising at least one system of waveguides,

said waveguides adapted such that the lengths of a plurality of said light paths may be varied

in a fixed space comprising a subset of said optical elements.
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42 WO 01/ 014924 PCT/ US00/ 23361 7. An apparatus according to claim1 wherein

said spatial |ight nodul ator consists of a polarizing spatial |ight
nodul at orwadapied t o change the pol arization of a said |i got/use@m3edi rect ed
to said spatial light nodulator. 8. An apparatus according to claim?7

additionally conprising a beamsplitting device adapted to 5 direct a said

| ight beans along a said.light, K path dependi ng on.th ol arization of the
light heat aBpar Seﬁ?ﬁ%{‘gg’cgu 0 & rEiWE‘g’P’ﬂi‘ éarlgi Wtialmﬁ@%ep’r?dg 1 %Oﬁlé’lsfsaPp a

l'i ght nodul ator consists of a deformable mirror device spatial |ight

nodul at or Paligigingsspetal bghtapedateniadantedy b clipagenthe palerizatioasef aweaidolight dicam
plurality of light paths. 10 10. A nethod for optically generating tine

del ays i n déegndtssaidspatiantigh acbdatuegar i sing the steps of. a) nodul ating an

i nput signal onto an optical beam b) passing said optical beamthrough an
apparatus for optically generating tinme _delays, said apparatus conprising:
(i) an $np\nanpRrafysacgerdiiedy oladmy addaiqnally compyisipg a|beyn splitting devicy adapted to
plurality of optical elements configured so as to define a plurality of
posdi bl e diregiiet spdtlizght beams aliodg aptaid Hehthesimdepdnldenpt ad theypd adizbtibm pd ttheriighitor ;
(iii) at least one refocusing optical elenent adapted to restrict the

di vergenceegh. said optical beam diverted by said optical elenents through
at | east one of said light paths; 20 (iv) a spatial |ight nodul ator
adapted to select a path fromanong said light paths for each pass of said
opt i cal 9-béemeppareiug) racseiidingofn ictrain gl‘éh@nms,salérmbaﬁal) light motplator n¢onsists of a
adapted to reflect said optical beamenerging fromsaid set of optical

el ement s; dafe@mable mirror device spatial light modulator adapted to reflect a said light beam to at

least one of said plurality of light paths.

10 10. A method for optically generating time delays in signals, said method comprising the steps of:
a) modulating an input signal onto an optical beam;
b) passing said optical beam through an apparatus for optically generating time delays, said
apparatus comprising:

® an input mirror adapted to reflect said optical beam;

15 (i)  a plurality of optical elements configured so as to define a plurality of possible
light paths for said optical beam reflected by said input mirror;

(iii)  at least one refocusing optical element adapted to restrict the divergence of said
optical beam diverted by said optical elements through at least one of said light
paths;

20 (iv)  a spatial light modulator adapted to select a path from among said light paths for
each pass of said optical beam through said optical elements; and

(v)  an output mirror adapted to reflect said optical beam emerging from said set of

optical elements; and
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43 WO 01/ 014924 PCT/ US00/ 23361 c¢) down-converting said optical beamto an
out put signal. 11. A nethod according to claim 10 additionally conprising
the step wboadj49s4i ng said input mrror to appropriatelyPdirrsot23ai d
optical beaminto said set of optical elenents. 12. A nethod according to
claim 10 additionally conprising the step of adjusting said output 5
mrror to gppropriately direct said optical beamenerging fromsaid set of
optical eFfk conygriig Sﬁﬁi%‘ﬁald??é‘@rtﬁiaﬁé’ufpbn E‘B%ﬁrpm 10 additionally
conprising the step of receiving said optical beamreflected by said

out put . A orethmddacgerdingritmickgmsH) ddditiprajly domprisingetheotler of @ditisting saidchawm
10 wherein said apparatus additionally conprises at |east one system of
wavegui desirrsgiothppropeiatelyl@isech 84 optlcs bed itakait ket dfopdtilelepents. pl ural ity of
said 10 light paths may be varied in a fixed space conprising a subset of
said optical elenments. 15. An apparatus_according to claim 10 wherein said
spat i al 13- iAgmethedcascerding toplgintld astditionally campyiping the step0f adighng maidupEpdr
adapted to change the polarization of a said optical beam directed to said
spats al | nghtr tooghptairiately diect Aaid @appical dbams emergingifrom sl sk af optitsl elements.
additionally conprising a beamsplitting device adapted 15 to direct a

said optical heamalong a sajd _|ight. path dependi nﬁ on the pol.arization of
the optd-damethodmaccardingaip glawn 19;qditigually gomprisige dhe, sigp 0f hffaviBg said gnyical
spatial |ight nodul ator consists of a deformable mrror device spatial

| i ght nodbkahosfleattdiiyesdid eutpwinigot and detemhioipgisaidldebyam t o at | east one of
said plurality of light paths. 44

14. A method according to claim 10 wherein said apparatus additionally comprises at least one
system of waveguides, said waveguides adapted such that the lengths of a plurality of said

10 light paths may be varied in a fixed space comprising a subset of said optical elements.

15. An apparatus according to claim 10 wherein said spatial light modulator consists of a
polarizing spatial light modulator adapted to change the polarization of a said optical beam

directed to said spatial light modulator.

16. An apparatus according to claim 15 additionally comprising a beam splitting device adapted
15 to direct a said optical beam along a said light path depending on the polarization of the

optical beam.

17.An apparatus according to claim 10 wherein said spatial light modulator consists of a
deformable mirror device spatial light modulator adapted to reflect a said optical beam to at

least one of said plurality of light paths.
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