WO 01/ 14924 PCT/ US00/ 23361 DEVI CE FOR PRODUCI NG OPTI CALLY- CONTROLLED
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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 uﬁing 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.
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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
signals for further processing. This process may be used in either the
transmt t recei ve node of the phased array radar. 2

PCT/USOOP@%%%QE?% broadest terns, the device for producingilpr%ym]/fh%14
optically-controlled increnental tine delays of the present invention
conprises: (1) an input device selected fromthe group conprising |ight
sour ces adapt®dedt@ergNtiE Akeice Adiprodiichlg dptighity-beamviied incemuanya tiofe delaybbf beans
fromone or several directions, (2) an adjustable input mrror capable of
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t e |diffarenpdiressions (310 setarftrnsisalselemene gelestpd fropt thsreropR FARIStBE OFEHIEISof an
i ndi vidual light beamfromthe input device, (6) an output mrror adapted
t o rekhesifiltdieand ptismbplaces] @ecqifiggratioosptasdo defineod noptitude bl Bgktmatiissfor  and
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beanmsecacRfilgRCh&ch B¥nt e inguitdeuice Fefldcedd byl the aligwsiable fnput miwek¢4)ng least one
optically-controlled increnental tine delays of the present 15 invention
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wavegui de ereint engths  of the N ght paths may be varied in a

confined space, consi st.i of .a subset, of .t td cal . atial
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changes the polarization of individual I|.ight be directed to the spatial
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require the addition of a . ]

(6) an output mirror adapted 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
the Iight beans after passing through the polarizing spatial |ight

nodul at ory, vice may alternatively include a m cromec

de fornableoﬁpﬁf%? devi ce spatial |ight nodul ator capabl e opéﬂhﬁﬁecggng t he
i ndividual light beans in nmultiple directions, thereby determ ning the
optical path. 3 WO 01/ 14924 PCT/ US00/ 23361 The |ight sources adapted to
gener at e i mdé Upletyatirckd glaptddeagencpite ardivdysal dighl beghts dyaanags 61 loght beanes fiom
several directions may include such devices as |lasers, arc |lanps, and |ight

em tt bRGoeQet8hdirectib®s ﬁ@ﬁﬁiclﬂd@guaﬁdfévf&§ aSRP&b)| £c Qﬁnﬁseﬁrﬂpnglt%lﬁtﬁgﬁﬂﬂeﬁm ays
may i nclude devices such as photodetectors, pln di odes, phot odi odes, and

i nter [ I S e Vi ew
of ‘;?1 R Rl i SpOrhe o JBE RIS AT, SRRt ALY
is a f el evat.i ew of the ial light nodul ator, along with one
enbodP ﬂaﬁmFﬂﬁnﬁﬁﬁﬁiPhﬂ@dﬁﬂf%anHﬂ?%6W§aFﬁ accordance with the present
invention 10 Figure 3 is a top view of the dual-armcell with a beam
spPitter in accordance with one enbodi nent of the present invention.

Figure 4 is atop view of a quadratic cell, where the distances fromthe
spatial |ight nodul at BRIELDESERWTION OF THEDRAWINGSry, in accordance with
one enbodi ment of the present invention. 15 Figure 5 is a perspective view
of the duakFigardn Bel tbp Mewofn saidaf Whltassll bh abich theifreaentiitveatiyn isrdasedor i n
accordance wth one enbodi nent of the present invention. Figure 5a is

anot her PeRSRACH Xea HEW dvalibita AHAY G theCGlatiall NgRCERHYRREE alink il Bne

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 Wiite cell
using a deformable mrror device spatial light 20 nodul ator and an
appropriate prismin accordance with one enbodi nent of the present

i nventio Oﬂﬂ‘gg{e 7 is a diagramof a nultiple armversi oggg;euséﬁr}g_ga} et

def or mabl device configuration in accordance with
of the present invention. Figure 8 is a perspective view of an alternative
cell configuration in accordance with one enbodi nent of the present

invention. FguD9Gd /a148¢ 81eP4tidndBR2 3B 8 kyfib@Uselefls kfoups i decordMeatiidngde Vi ew
of a systemof |ens groups in accordance with one enbodinment of the

pr eserbpbivent bORe l':%sgllrlriﬁvellgoh.s anot her side el evational view of the inmage
pl anes i n the opti ga transmssion line in accordance with one enbodi nent

of the present_ invention..5 Figqure, 11 i ray di.agramifor a her i.cal
mrror o oy SRR mg s b dr B Pech B AT Om B b RS SRy o
12 i s _another ray djagramof a sphe{]i cal mrror/lens systemin accordance
wi t h &RE I e5eprdansratith gre eRROdimERER{ths PRFesH AN qure 13 is a plot of path
di stances in accordance wth one enbodi nent of the present 10 invention.
Fi ure l4aFigrell is/a divadjagamofor a sgbdrisehaibirer iy aceerdantewige onerabedimdainefe
with one enbodi nent of the present invention. Figure 14b is another ray
di agr atm praseacioédnce Wit h one enbodi ment of the present invention. 15
Figure 15 is a ray diagramfor a snall angle prismin accordance with one

enbodi ment Fefure 1R RbBREMy difRAtIfARpherical mirror/lens system in accordance with one
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 16¢ 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 |6b is
anot her di agram showi ng spot | ocation on a deforrmable mrror device in 20
accordan j ne enbodi nent of the present invention. Fj S

anot her &?%gq/%'ﬁ%‘ghom ng spot |l ocation on a deformable m rrgrgwég\(}‘?]%gdl n
accordance with one enbodi nent of the present invention. Figure 17 is

anot her di agram showi ng spot | ocation on a deforrmable mrror device in
accor dance Fygurd 18116 agetheddiagain sHoviihe spoteeation on enddformable MDRrétldevdQ2th

PCTI USCQ 23361 Figure 18 is another di agram showi ng spot | ocation on a

def or BBRRIr@ntt Witlond @MIbE&inleht oARE PrIdIGvaptibh one enbodi ment of the present
invention. Figure 19a is a diagramof reflected planes in accordance with

one enbodi L he .. pr i I on.: i 9b . Fagram
of ot I oct St doal f ¢hEE BEIeACKEAR i dckorulcl v ob® <ARGHARAL O it
invention. .Figure 20a is a diagramof a |ight beamincident on a DVMD in
accor B5AEY PHBne enbodi nent of the present invention. Figure 20b is
anot her diagramof a |ight beamincident on a DVMD in accordance with one
105enbodi nEHUref Ok isangthes diggrammeiaisfleded Peneyonrerauenss WidTprysonPodiment of
DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENT(S) I n accordance with the
f or egthegesnmmsentiont he fol | owi ng presents a detail ed description of the
preferred enbodi nent of the invention that is currently considered to be

the best mpggire 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.



The present invention is based on the traditional Wite cell. Figure 1 is a
diagramof the 5 path of a |ight beam passing through a Wiite cell. The
cell conprises three identical spherical mrrors, all of the sane radius
of curva first mrror 12 is separatedfromthe se d
third 14%§V5‘\-§2‘Fby a distance equal to their radii of curgg?ﬂlﬁé&n?g{;
center of curvature 15 of the first mrror lies on the centerline or
optical axis 16 and falls between the second and third mrrors. The second
and third m rbBTAlldR DHSCGRIBFAIGN QMAHEIRRERERRED EMBOMVHINIF@E) 20 of the
second 10 mrror 13 and the center of curvature 19 of the third mrror 14

I and on t hg dcbdr8inc@ivikiPthe thf¥goingXamMLy,ahe Eslloating pedsaiic @ det-0led UBRrigAbA Cal
axis. Light fromthe second mrror is imged onto the third mrror, and

vi ce mﬁéﬁrefe'n'eg Q}nbbﬁlrﬂe’ﬁﬁ HE @1 %&nﬁor?ﬂ’ﬁf is L8k X 36?1512(%1%? o B¢ tHeWestQhddel he edge

of st mrror eam | 'S prepar hat it expands as |t

goestot third mrror. qr S mto oi

on the firote RIFEPLIvERRY 15@3%@ &' bhandhaparb e Sk Ry i BB he
second mrror. The second mrror_refocuses the |ight beam%%ta new spot 17
op  thh pf 2 dehtybeapypassing thigugh g White celhe The gelt comprises dhse idsptica \sgberica] | ¢
the spot is off the edge of the first mrror, or continue to traverse the
cel | . miFtpas, B ahtihasame wdins ©f cutvetues| Thefipst sdeor} drisrrerarated ftnan thef seconvek3
depending on the locations of the centers of curvature of the second and

t hi r dandrthitd 04 snirrdfs blhedisagdeceqhl tohkeit fadiitof beamumay Thecawdttaf elivadirdys an
input turning mrror 21, as shown in Figure 2. The angle of the output

beam tH@Bﬁrs?'IH‘rﬂo%‘rh'ey oFIQh& QéHtérﬁhé ed oBﬁ{cafli@xﬁb%péﬂd falE BeR@eRthe Y¥cond and BAFD
bounce of a |g beamis shown by a spot 23 on the turning mrrors or t he

first_mrr re nmulti leI|

modul AL oF™ Oﬁhe T He r}d %@65‘6 P}lgf’rgarew%wds @g gﬁtﬁfﬂ?@%ayu r ?@fb&% Steﬁo |rst
mrror, A heam of ht may be refl ecte ff thelﬂig ng 7 WO

0P/ 1495m0r Flérsu@s@e/% of fuFyagie; 1 of thy iTpigrog b | § ﬁlﬁyﬁrﬁ BEPTs dOTt he

cell until the beamis directed to the output turni ng mrror, at which
poi ntexampleeap eguiltdistireedring the optical axis. Light from the second mirror is 1maged 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
MIITOrS.

20 The angle of the input beam may be controlled by an input turning mirror 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



Figure 3 shows a first nodification to the Wite cell to adapt it to
variable tine delay applications. Afirst nodification is to change the
first mrror 12 froma curved mrror to a flat 5 one and to add a | ens 27

of focala+8pgigﬁ€uch that the lens-mrror conbination is Opkkééhdﬁaﬂ

equi val e mrror it replaces. Next, the flat mrror € replaced
with a spatial light nodulator. This particular spatial |ight nodul ator
may be configured to rotate the direction of polarization of the reflected
beam hyrrér et thed®ite @sll ahndmaypedvieise tharkelpiuxel thehisdani & dicdctedatoettle oufnen, a
pol ari zi ng beam splitter 28 may be added, and the distances to the second

13 angdirtify hirrdid athOnith bR f fiBYexd@naediusted to maintain imaging. The input
light may be polarized in thé plane of the paper. The beam splitter may

reflect light l.arjz i.n n rpendi . r,.
ranem t 1 BREDSRA §dsnbdReRIANS BELPARELAMPhaa if BOPRBR i iy
hot oni ¢. devi ce be.l mpl enent ed by next addi fourth 24 and fifth 25
ﬁi r r of PPIGRRANS: ﬁﬂgg% “Fﬂdﬂtll‘{g)lgné? o &H@%%lf}’@afmtb‘ﬂp%ggeg%{nfaowedl B (HO aiﬂ{”? erent
than that of the second 15 and third mrrors. There now exist dual cells

j of neoneagnd ke addantespRiTt efefocalSianeth sush BpthHicelenemirory combingtion snepicalbat i sfy
the focusing conditions for both cells, a lens 26 of different focal |ength

my bmivishedo tie mieorot haiacest Pext,sthel dlaoitrtvembyp b rsplhcedt with aTpetidl digat
| engths of the | enses are chosen to conpensate for the new mrror

| ocat j88Siato €tThd fRehduddr HRGAIONE neRNIAS HERY bd osifudéd @0roitdte tREdifcBsRALES tO
the fourth and fifth 20 mrrors fromthe beamsplitter are different, as

Shomp&l&iﬂtigﬁ' ro?.tfllc? r%ﬂelac{cﬁa} t?ea?r?%?_rﬁ&:ﬁy glg%!eés of %IPFP GOk E1x9f D& LQHRaEH and

fifthhmrrors w eren ition ens or lenses nay be added

bet we | ens, 26, and mrror 25a to intai,n i ing., To Inpr.qye e er
of  pot B F ApefPng oot sphteraRdtaed GReBrt i SR ro b8 st Tt BRglHE"S
nﬁi be further nodified. This configuration is shown in Figure 5. First,
atfki | mEFSFs May rhgradgisiag 1o tainguy i shley PRYEHE gnayele B%lma%fgéa thenPlepgeoly| ane
of the spatial |ight nodul ator 12. A second auxiliary mrror may be

the paper. The beam splitter may reflect light polarized in the plane perpendicular to the paper

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 §. First, auxiliary mirror

8



pl aced in the inmage plane of the spatial |ight nodulator. Then, a tine

del ay nmechani sm such as a set of glass blocks 30 may be substituted for
this second auxiliary mrror, as shown in Figure 5a. The bl ocks are
reflective on the sides furthest fromthe | ens 41. Alternat] gl ass
bl ocks 5 ¥8IM&*%pt repl aced by optical fibers or an array o%cﬁmpéﬁihe
optical axis is between the spatial |[|ight nodul ator and the auxiliary
mrror. The first lens 27 has been nade |l arger to cover them The

thi Ck&@g&g%e%géem 3L Afe g% fgg %?ﬁﬁ?)iglﬁ%&&lﬂét@ﬂlﬁ% tQ3hd biaiaddhiioPRal tei me

require or t bea rou successi ve bl ocks increases aS powers

of two . tipes,the initial.thic ss. . The operati | e at of
the dgEeeRythe Fsgs Risns %) %gaﬁgﬁf&ﬁ‘é “%"Sgﬁt%{l ?f“?"g ailltne, d%{ﬁggﬁgk”e%‘fcgraégd and
additional tine delays due to the addition of the glass blocks qr

equi vattaiglass plogks3 By beaekstirugdor this secead GHRHBTY m%%*rsh(sr&i‘)ile%l%%??-a|

| i ght nmodul ator 31 is used, a sinple Wite cell can be constructed as
shown Tha bkicsiaee ©flediiverdnstie 3Rlesdyrthivst fromdthe densi 4le chlterpasivelygithe gassrhledksough
a focusing lens 33 onto the appropriate mrror 34 off the optical axis.

Fi gur eould degepladedvisy dptivtl fileramoimhataypsf Sivers 7 Thayptiel axis iotetoeen the spatiact
light fromthe deformable mrror device spatial |ight nodulator 31 through

a ref g%%ﬁﬂ@ulgﬁpﬁndgﬁmg%ﬂ&mafﬂ%r%rhel"heoﬁrgt‘ Rité 37 Rhd B&EI B Rrdeh @ SdhRk 1N

configdration. Anot possi bl e configuration of the dual armcell is shown

or 1 oi RAF THEwIeEe a7 ahs B RN pRY R Bhlel & GRS Abigpha S sl kG

origi hé "secon third mrrors of
t he new configuration. The fourth and fifth mrrors that conpri ed}fﬁ he
secondHPHibe0 thaugt F‘&C?ﬁélvedg?ﬁkéén%f%sef A& ROVESI Qafgtévd’ Py He g‘@%fﬁw‘: %% or 35
again, along with the first mrror 34 of the new configuration. Then,
| i ght The apsratiery istromperabler torthatted theodunh gelb pvithihe glangiof therspatiy lighe modplgtor or
second mirrors, then back to the second or third mrrors, mmcking the
oper athlarpeaf addhedditiomgi niahe delays a@nentoethk . additicaddf theoighiss Ibdorks 4@ equvdbentused
to image the spatial 9 WO 01/ 14924 PCT/ USOQ 23361
transparent materials.
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

9



| i ght nmodul ator onto an auxiliary mrror 29, and a lens 41 may be used to

i mge the spatial light nodulator onto a delay nmechani smsuch as gl ass

bl ocks 30. A prismsuch as 32 and its adjacent |ens such as 33 may be

replaced_with single lens that s appropriately tilted red or

both. 5 Vvﬁ)é‘/‘ég?" to obtain longer tine delays, it is possi%ﬁygg@%}hﬁ oduce

a |l ens waveguide in place of the glass blocks. Figure 9 shows such a | ens

wavegui de. Three lenses 42 forma lens group 43. The |l ens groups may then

be pl 4RnSUIAEr Snt6 ATHRRIIAR! Mfirfr 20X hd & Forls A1 T bRl $imade ROSSF QR | 1 ne
gl Br llll‘giﬁ{ r 291 n A m?#“ﬁé‘%é?tﬁfh

or | ens wavegui de. The cones 1 nto the optical transm ssi from

t he The i nput _pl.ane 44 s coincide with an auxiliary mrror
pl aneHoﬁpltaPﬁgn Oeq‘?efqac%m %hc?ﬁlsfnesﬁlé‘: if)gafsglaﬁgfsgoan addi ti onal plane conjugate

to the auxiliary rrQr plane, A transparent material may be placed at
these conj (igpitset T}lﬂéﬁéé? agdits pdiggsnt lgnpuhias 33 anaybedrplasedetithos singlg densahaint
material 45 may have a reflective strip 46 on a portion of its surface.
Thi s pPeppiopyalelyjiitedyaalgeeniered ohth.on different areas of the waveguide to
propagate through different |Iengths of the optical transm ssion line. 15
Meg eri al s hnatdédeolubesn lomae tivge Gelagh, it io possitla taidoddecalensleaedgufidei igplae one
armof the Wite cell is presented. The configuration to be described is

shownof ihe i35 bfocRs. Algutd® shdvibuchfa [eAEwhl MR, Burilichees@! form SPBRY LoD
mrror B 14 is shovvngbelowthe axis and a ite cell mrror C 13 above the

axi s. 4qh C f I u f |t el 11 S @a distance.(51
above43%|'-h:rh§p ?%%O%fi Iglyy }ft%%l (B:e:ﬁ) a(g?c\i/\go@ogccﬁlrn\ygqnurgéﬁcg;a ak)lirtf) ofr%rr& 0 néa?

di stance 52.bel. ow the optical ig,,Jo the left of the Wiite cell mrrors
L] R G oy 1P eAe (e Tiehhgemesite s optical Sapststich 5t BPRIBLT om
28 represented by a cube of glass of side d, and next to that is a flat

m r r ofigieThe irtiut plage 4doischimcisisnt with apdukiliasp megenplang At the 1€t bf eaah fsnesent
the anal ytical description of the imging requirenments, optical ray

e r i gresp issareadditéchal plans eomjagate cethecpeilate mimoraplemd. Wansparent ma@rial may

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
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WO 01/ 14924 PCT/ US00/ 23361 where y, n, and py refer to the projection of a
ray on the y - z plane. The vector elenent y 5 represents the displacenent
of the ray fromthe optical (z) axis at some value of z. The el enment py
representgofdifs %il ,jope of the ray at that point and n is the g&aftgphsise | ndex
in the region. The third matrix elenent "1" is used in representing a
tilted spherical mrror as will be shown later. A simlar analysis could
be used with y replaced by x and py replaced by pX for the projection of
the ray onthe x - z plane. 3 x 3 ray matrices are used because they wll
be useful ijnyrepresenting the 10 tilted spherical mrrors. Three ray
matrices arge _used. The first is the matrix T(d, n), representing a

transl ation ?ﬁrough a material of refractive index n by a distance d in the
axial direction. 1 din 0 T(d,n) =01 0001 15 The second is the matrix
L(f) representing a thin |lens of focal length 1 0 0 L(f)=-11f 1 000 1

20 Thewh&tn, ledsd ?’Bfréfhxxtd fhel pI8RREIGRbE Wirh{ ohh@k 10f 2 plgiRheThe abctdl E16QENtOf
focal lengfh f wi h'its center of curvature on the axis. Alast matrix

reRy eSeBleSerts B H%hia%ﬁhe&?o?h%r b Eohede %Btl a%s at ef%?ﬁ% bie TH%te‘i’&ﬁe%?L' on

of the "mrror cal axis tot en er curvature, point

it SBpRy he lope 88 heigy e, Pl ﬁ"émhrrr%rs g %%frcﬁ?g?slsdg%ér? e ﬁt

sl ope Py2. Line CCP is dramn frompoint P through the center of curvature
Ther e matrycslement 44 4s Pe#/mseerezeeeg Hfiled rﬂﬁthrtc#e@"&gr%ﬂ vl b¢ shewe latsi & one

t hrough the center of curvature and one through point P.
similar analysis could be used with y replaced by x and p, replaced by p, for the projection of the

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, n), representing

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

1 d/n O
T(d,n)=|0 1 0
0 0 1

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

1

0 0
Lf)=|-1/f 1 0
0o 0 1

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 p,; reflecting off the mirror at point P and

25  leaving with slope p,5. Line CCP is drawn from point P through the center of curvature. There

11



Line CCP nakes angle a, with the incomng ray and angle a2 with the
reflected ray, as shown in Figure 11. The-center of curvature is a

di stance 8 above the optical axis, and point P is a distance y above the
optical axis and a distance y' above point CC. 5 Then ther i

equat i onSYO &/H%¢ t he angl e of incidence equals the angle rg'f':?@g?(f/%%?l a,
a2. For small angles a, =py, - (yY/R anda2=py 2 + (y'/R. Aso, vy
=y +8and 8 = OR = 20f , where f is the focal length of the mrror.
Conbi nragvd Hiesepaedledtd HeSaxis) ot ithifoilgh theaentefdf cyrvatuddnd Bne girvgh pyimt P. 0 =
py, + 9 - y/f , the equation relating pyl, the ray slope before reflection

of f t ' ] BRY| I j Thi s
eads 10 FRe S e 1 Wipthe IO 7 Gnd IS Wi as et p 87 Bt 3
To us .the?F trices_in practi ch’ on% ibdenthiFfi es .t he élrgffmsl a};i ons and thin
| ensed &G 11 ENipenies of cuyaiimis & BYaks oRbPyy e R S35 4 BPRi o2 4381%m and
multiplies the associated matrices together to represent the effect of the
opt i calabgysthe apagel exie andiy dis@are v tehevepadffe®- matrix S. Then there results a
matri x equation representing the ray slope-index products at the input and
oubput  ni T%kn thatk 4@ fiye eqitfiohfleSiats hkaagewifiimidehce bgual e bnglaréfieetiaxicg at
the input and output, yi and y2. 20 Y2y, ABGyYy, n2py2 =S n,py, CDH
n, py, = 1.0l py.,r hi i O icely.r s e Sigaput
and out%zu&o?é?g%églt&l éhs.%'Th /Ig)e%igi%errévﬁ?o@a%’f [?Llfg\l% 51/162 49 o 4.

PCT/ USQO/ 23361 ) .
where f1s the focal length of the mirror. Combining these equations to eliminate «), @, y’, and

R, gives pyy - 6 = p,; + 0 - y/f, the equation relating p,i, the ray slope before reflection off the

spherical mirror with py,, the ray slope after reflection. This leads to the ray matrix M (f,8):

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

Y2 b 4 B G »
20 nzpyz =8 n]pyl ¢ D H n]pyl
1 1 I J K 1

This represents three simultaneous equations. For example, the first such equation is y; = 4y, + B

mpy + G. This equation nicely relates the input and output ray positions. The requirement that

12



there be inmaging between the input and output planes is that matrix el enent
B =0. That requirenent allows solving for the desired distances or focal
| engths. To return to the optical system there are four requirenents for

proper oper The first requirement is that Mrror B Qe 4mRasskiont o
Mrror Csoﬁ%ﬁ%tq no light will be lost by rays starting 5 fromMrror B

and mssing Mrror C. To establish this requirenent the systemmatrix S(B.
C) is calculated for rays traversing fromMrror Bto Mrror C It is

S( B, Ghere 8¢ dmagding (Heitwebfi2ie ,inputi gnid( dytpTi( dlands) is thas eratrixngledhend B &nél fThatn t he
appropri ate matrices and nmultiplying the matrices together yields

{(1- (%fwréxﬁénlaﬁ@@s sdm], gffor)t)le Qebided Hlstatcéd of fdtdlldnefied+(d, /n,)(1-[d/f,]))} O
10 S(Bc) _ -(2/f,) /m, £,1) (Lf,){d+(2d, /n,)(L1-[d/f,1)}+(1-[d/F,])

0001 Th
RS S R e T

IS usedto vet edfo f L&

s SR ten e 2 a2 i ST SO S B T vk R B Gt
symmefric and _anti-symetric,r t1 s about the SLM In th

sofl utfr@ﬁ Mirpsithandomisging Mg Gy ggﬁﬁa}?llfgd&s r%\‘i““’iem“ef‘hﬁF §Y ST CHUgT S@ éﬁsl nmage
on Mrror Cwith a magnification of -1. In the second solution a 7p0| nt on
M r r osal@ldted fem rayseigryersing fremsMurrom i do dYlgeorgbvel anSuaege (@n INIAYIGRAC wi t h
a magnification of +1. The first solution works very nicely for this

Si t uak) i) TENILE Mistsiny €r @r andBf| 20 tlenabpoprintd hatrices ahd pludtidyiog thenstrices The
sane analysis applies to Mrrors E 25 and F 24 and lens f2 26. Mrrors E
and Ftoggtﬁeﬂ}nempe focal plane of lens f2. The second requirenent is that

Mrrors E and F be inmages of each other. Considering requirenents three and
four that a point on the SLM be imaged back onto itself through each cel |,

SN T S R C
10 Spe = -2/£)A-[d, /n, f] (I/f){d+@d,/n)1-[d/ D} +(1-[d/f]) O
0 0 1
The requirement that Mirrors B and C be conjugates then is that matrix element B be zero:
2{(1-[d/fi] Xd+(di/n)(1-[d//i1))} = 0. This is used to give the desired focal length for lens f.
15 There are two solutions: f; = d and f; = d/(1+[nd/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 f1. The same analysis applies to Mirrors E 25 and F 24 and lens
f2 26. Mirrors E and F are in the focal plane of lens f2.
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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given by S = T(dl,nl)L(fI)T(d,lI)L(f,OT(d, I)L(f,)T(dI,ni). Mul tiplying the
appropriate natrices together and putting f, d as required by the first
i mging condition results in -1 2(d[d ) - (d2/f) 0O SS0-100015

/n]
The i magi qﬁ pgstion is then B =0 = 2(d -[d,/nl])-(d2/f) ,pcqiudoozasti{ 2(1 -
[dI/n,d])?’% hi's equation all ows predi cting the required focal length for

the spherical mrrors. The equation also has sone interesting inplications
| eadi ng to physical neaning, as explained by Figure 12. For the first one,
consi dgiver be S #eli&), o) LFHEIODY T (@] ) D) Y@k ure ©fultidlying theBapphoprisgh matritel ens
fl. The radius of curvature of Mrror Bis 2f and the distance of its

cent er (@bthetinidhudiii A £Qs! fi b} theShidd dheRidoagedistance of the imge
fromtk?g tcente?}ugtfl%ggjrvatﬁde]ﬁre %t 1 tlma?gfulls gi {/en eby 1/ dd, +1/(d 2.f)=l/f

Elimnating f in these equatlons and simplifying results in d, dl / ni .
That is, the inmge of t he cen ,of curvature of Mrror B lies on the SLM
surface. The inmage lof?drie’ge t@ﬂ' 'd rvature of mrror B on the SLM can
be called the £e t@r of curwvdature poinf. 15 To find out where on the SLM
surface the center,of curvatyure point, is |located, |look to the
ma ification The y value of the image of the center of curvature point,

cal i en by th yval t nt er _of rv re [tself,
ycco, a&”l‘ﬁ’e Cg%féﬁ?lf i tep E‘g [fé,JE’dpzdszi ff@ B i‘} y’??b& (n}‘?mge
di stance/nl )/gobj ect distance) = 2f8 x d|/(n1[d 2f])} Usi ng a previous
equat i evatioroallos predickngtbe rch;airﬂ@fcgablésgtgé@r the gpherighli eI OFas a very nice
interpretation. If aline is drawn from20 the intersection of the optical
axi s w t AhdequaionBlsohne sqhe inteestimp timplicdtionsifeading teplyfsick meaninglas edpdained he
intersection of that line, extended if necessary, with lens fl is a

di st angerigltel 120Mok AR Br¥l She, JIRIdePIHRIiRGES ONhO Ledthadf dunta@lrs 6EMiREr BMrBudhe
SLM gi ves the center of curvature point. There is a further interpretation

i nyd er; gﬁiﬁ“é |Ir 3 mgsﬁ&ﬁ%m%#moﬂéw tZ?%ﬁd a{eedlgtmg%@' its QAR G 5&@@ fr§HVl

Wltln I hear equati on temmatrix glvesy

261. 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-2fy=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..=y.., X magnification =
20 x (-image distance/n;)/(object distance) = 2/8 x {-di/(m[d-2f])}. Using a previous equation
for 2f and simplifying gives y.. = 64, 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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14 WO 01/ 14924 PCT/ US00/ 23361 Here, yl is the l|ocation of a point source on
the SLMand y2 is the location of its imge after the Ilight fromthe
source has passed through lens fl, been reflected off Mrror B and passed
back th ns fl. Defusing 8 = & and rewiting this ' i ves
(y2 - 6)“§y@??%ﬁi 6). This is interpreted in terns of a dﬁgﬁgﬁggﬂ%aThe
interpretation is that the inage formed by Mrror B of a 5 point on the SLM
is as far above the center of curvature inmage as the object is below the
cent efless, y1 éihe dacatien pHi point Torechemthei YMiand phés the docation iobits irmagdedtdiet trral
with the exception that Mrror Bis tipped only in the y direction so that
B = Oligihfrom theualrco haegasisshtieoigh Bnx 21, beex tefledtedCEf Migrog B bt p&ked back
curvature point is on the y axis, an inage of a point source fromthe

cent ekhBfiolC1ehY & Ui S : - REINt. @s_the okj ect_ was,
but on tﬁi opposit%hgﬁ%g i59%%%%“?ﬁgﬂi&§ﬁ%ﬁﬁﬁﬁfgB@?#%nsaﬁ TQ“fi dﬁﬁ%%minage
of a int source on the SL ne. can nerely reflect apout the center of
curva Iﬁ?greﬁ%@ﬁtt?"qsnograeggﬁfe&I ﬁ%ﬁ Hicppretfign f%‘h@t € dnpgerormed pjp MarrpiB of a
presented an analysis of a dual cell with auxiliary mrrors with gl ass

bl ®ck&oinhon ths LM s axfry atioxe therentenp! qurvapine imagesas tho nbaeidk pelew ths cent& cshown
in Figure 5a. The SLM 12 is shown, along with a polarizing beamsplitter

28, | ewwatuge @iint. t he White cell mrrors (13, 14, 24, 25) and Auxiliary
Mrror | 29 and a group of glass blocks 30. The size of the polarizing

beanspl i tt Ehe béhadibr anthel:d diret @b AGENRall Wi Hhelckcdlition ThE MRGAIB & %@Péchorﬁ;' cell
lens f2 is f2 and is separated fromthe Wiite cell mrror by a st ante

GEF . et SHERES iy (0P PR | Shialdn AL 2T M T il vy O

into two regions, 0O t hi ckness h

materialé and.the other of thickness d' 2 filled with material of refractive
i ndex SHHAMIG ROINIS Of fhey aifAn JmAge of point RRNIF HAMy WASHRICT Hauryatee & a1 foe

i mged onto Auxiliary Mrror | can be easily calculated. The result is

d1®/ fomithgysouree peint agjthefbfect wes./buhon thet oppasitdheidnén bethtthak anfl y diteztions0 and
d2 = d 2 =dl, dEF = D, and n2 = nl the equation reduces nicely, giving the
desi r &d find the image of a point source on the SLM, one can merely reflect 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 #;. The focal length of cell
lens {2 is f; and is separated from the White cell mirror by a distance der. The distance, db,
between lens fl1 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 #,.
It is chosen that /> = dgr. The requirement that the SLM be imaged onto Auxiliary Mirror |
can be easily calculated. The resultis %/ m+d" =2d — & eFlf - di/ n. It can be noted that if
d"»=0and d; = d’; = d), dgr = 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



conmbi nations of d' 2 and d"2 that wll give imging. The distances d' 2 and
d"2 nmust further be 15 WD 01/14924 PCTI USOQ 23361 reduced to the transit
time. The transit time, T,, for one pass fromthe SLMto Auxiliary Mrror |
and back weogiaeen by cT,/2 = nldl+ 2d + n'2d'2 + d"2. Thi spPcarusbe233émritten
to give a second equation involving d' 2 and d"2, n2d'2 + d"2 = (cT,/2) -
nl dl - 2dEF. From these equations there is an allowed range for the

vari ab v 2 an t o ' [ o} re 5
13) caxjﬁg ceg(t:(r?teh%?gﬂgt ﬁme q_h-gj%eéﬁ gl'n:%bT” %Inﬁ égefs lv%n%IFMSt lﬁa%yglggﬁfe
posi ti It .could th ote of, the first equation is
P27 ARk RSN b EL0R < iy deb b SRR S 8 RO LS
The sl ope of the second equation is - n2 (constant) and the intercepts
dependdyprionrinvolyjmget: and q'ar P 4 TR T e 7Ri-Peer t iromibesq gatiops there is

i ncreases. The m ni mum value of T, occurs when the two |ines intersect on
t he vemtdllosled aatigs for the variables o » ancd 4/'cyndnl;d| A plA iR, @B, [st2kR/if Figuid
[dilnl])}. There is a mninmumvalue for d2. The line representing the

di st ancs caebe freded skbwing tl@neglo%aﬁ iRreRl, QbR %irfdodnz hepdsang. filcoti@ thdieoe

Auxiliary Mrror I. This Iine also noves to the right as d2 mcreases The
| h
et SRl bt Oho AESHICCHNR LS W ASFPLTERRSE bl 5t 2

dz, mn—2EF- EF /n]) nbi ni ng equati on solve for, t

Ui ckrlbds B frrd %ﬁ@p&ﬁg Jebonal el 'ﬁe %C%taﬁﬁﬁf@%la}%ceaﬁéiemw
easily witten if 2dEF- gdZEF/Zf) (di/nl) is replaced in terns of d2.mn and
i f  ni’H whigh issvariable adbel ling shifts tastheright aspdiancrepses. Tl{erfmnerﬁlelzvalueﬂf}T 1 pgeurs
(cTi/2) - n,d, - 2d] - [2dFF- (d2EFIj) - (d,In,)]} = {n2/(n22 - 1)}(c/2)(Tj
- Ti, nviren th@@vcdfir&s;‘nt{:psaqtlo@rthevertiﬂzf)l}ax{s( ii¢. 2y [= ((Zér:'lf{il;d)+-2dm+ Oder - 2dEr/A -

n,[ 2dEF- (d2EFI 1) - (d,In,)]} =d2,mn - (I 1(n2 2 - 1)}(c/2)(T1- Ti,mn)
Thigs quves))t Mhetdis heRMthah vahieakngs STHeflidetepredeating thd' distaricBab, di + 17 givlg an

increnental tine increase, 25 Ti - Timn An expression for the full

di sta bf OF This 688 aRE mARS & Medighy

conbi ﬁé’g?’ic’é{s‘?go{?&%g{?}é?&gﬁ%ﬁ%dx'ﬂw% RS VY Ce15) (s
starts_at

inCreases. The smallest value of d; occurs when the lines intersect on the vertical axis. That
gives the minimum distance from the lens f1 to Auxiliary Mirror I, dz min = 2der - (a‘ZEF/j)-(dl/nl).
Combining equations to solve for the thickness of the glass and of the air, these

15  expressions are most easily written if 2der~(d*r/2/)-(di/ny) is replaced in terms of ds iy and if

md;+2d is replaced in terms of 77 min:

d’y = {mf(m? = DY (cTy2) - md, - 2d) — [2der— (derlf) = (@/n)]} = {nf (02 = DIE2XT; = Tun)
20 d’y= {'nz/(nzz - DHU/ m)[ (cT/2) - md, - 2d] - m[2dgr— (dZEFJf) —(di/n)]}
= dymin - {1/(n2* = D}c/2)(T; = Timin)

This gives the incremental thickness of the glass, d’, that will give an incremental time increase,
25 T;- Timn An expression for the full distance d,, from lens fl to Auxiliary Mirror I can be
obtained by combining these equations: d> = damin + {1/(n2 + 1)}(c/2X(T7 = Timin). This starts at
d> min as expected and increases with (7} ~ Ty mn). Distance d> can also divided into &’ and d";.

As the time delay increases the position of the reflecting surface moves back, the glass becomes
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d2,m n as expected and increases with (T1l- T,,mn). D stance d2 can al so
divided into d 2 and d"2. As the tine delay increases the position of the
reflecting surface noves back, the glass beconmes 16 WO 01/ 14924

PCT/ USO0/A¢83f14sbhi cker and t he air | ayer thinner. For that pe@fyseeiisse
index, the air layer is decreasing twice as fast as the auxiliary mrror
i's moving back. The size of various paraneters can also be estimated for a
typi cal, S|tu tion. One can choose d=fl=40cm f-50cm di=3.8lcn(l.5in and
ni =1. Shickegand theepir lagger Hhingerg iFer Sat pefiagiv wdendle aifayer is decreasing twice as fast

' 2/OT1 1.8x10" ' mmisec. Thus, if a delay of 10-12 5 seconds is desired, a
bl ock apthegmmiliany wkraranmoeingbeck. Thefsizandblagond parameters\cat alsSb/kestifnatekfirve a
ray matrix for a particular situation two equations are needed, one

show mpidadvsitubdonli St Dreecal chodsay dEflerDehe fagdan,c haﬂg{ﬂmﬁﬁﬁhheaﬁcﬁmﬂwes

t hrough the object, and the other showi ng how the ray slope changes. Sone
pi xel g £61U62n0fT,} b6 58 %sééo%dQFdn@'EaPQAwilhsilbghﬁn/@w ”‘Pih& fita %‘eaf&d onme at

-B, as shown in Elgure where for one 10 device 6 = sur ace of

the DMR, ea?ﬁm %Tlpﬁgkaﬁﬁ%?y rtlcal |IQF (y d|rect|on) |ntersect|ng t he

center o plke SO t of “the pi xel is behind the surface and
part i ront o can enter fromthe r| ht. wth an angl e po,
as sh rf”ﬂ {g/gﬂf%’ ‘ﬁ ce %@6‘ iy RtdEF¥e A Iy maHE g’:’%éﬁartéffl 2 SHYAoR 1We sudte t he
center of the pixel and IS reflected off the pixel. At the point the ray

i nt er 3&chagdedheonsi shewving how the distanan ©6 adrayt ipo e xisdchangessay thecay movegoi ng
fromthe surface 15 to the pixel, the height of the ray has increased a

di st ativeugh thawbjzot, and Wetcaherg,ho\aimgpmw ktrey slopethangts. Sonferpixalintierops ofethet he
ray again passes through the surface. In doing so the height has further

i ncr epagd afe GHRInGdAtwiH ﬁﬁ@ftﬁl@f‘f@@@ at= Y ARNGHRH: PO 3 Dhowr gb& Wiase fhanged by
atotal distance Ay = ytanB [tan(po ) + tan (po+2 B ) . The ray matrices
a 20

deal I
ord) 1 ik ¥ r?ﬁ%? L Sct%atfh %ﬁﬁ%@ Fﬁe b grEngs dait ¢ emfﬂl@e o o)
increase in heig he net result of all these steps is

A
that HESSCHES Q%?s??“?eﬁ Oﬁé?@mm@ls%h%@m qfdhameb i bbinst {hg gerface and part is in

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=ytané behind the surface. In going from the surface

15 to the pixel, the height of the ray has increased a distance d tan p,, = v 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,+28)].

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 = 2y6 (8

+ 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, yy, as 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; - 6= p, + 6,
17



of small angles and can be neglected. Thus the first matrix ray equation
relates the input y value, vyo, wth the output y value, yl, as yl =yo. The
second equation is the one for the slopes. Using the |aw of reflection,

t he inci e, po, and the reflected slope, pl, arer l1-B
= po + Q?Q?QUE%?€1/14924 PCT/ US00/ 23361 or Pi + Po + B. Cbgg?%ﬁﬁ%ﬁ%ggse
equations into a 3 x 3 ray matrix yields the ray matrix for the DVD: Y,1 0O
0OY. P,O 1 28pa 10 0 11, 1 5 There is an addendumthat can be nenti oned,
wher e of het @b Scis Sombirdng thsatgatiappingo a3 x &frhye otatrin yiebisfthe rayi pprteict fot dree
mrror if extending the edge of the pixel-mrror. Thus, the matrix equation
also Dyiplies to a tipped plane mrror if the tip angle is small. If the
tip angle is not a small angle, however, then the approxi mati on does not
hold and there will be an increase in distance fromthe 10 axis. Next, a

prismwth % Wl gnghg,is considered, as shown in Figure 15. A prismwth
its apex  nting down||can be considered. The refractive index of the

prismmatetPal={9 . Zhen | arge sides nake small angles and a, with the
vertical. ray\ei toh gl Qpe) po and height yo can cone in fromthe right, be

refracted at the interfaces, and | eave. Since the angles between the 15
surfa i |, : | Q used pregvi.ousl
or t ALy s KRR B Fohilfice W RSN o B RS ARG RO
Crossi t he i sm.can..be neglected. The first. ri x equation is then

= Vos b ainpey Blaad MUt is 8500 5 <Gk pUBS prit Biimal bir F e Exbarige e
sl ope. The entering ray has_a sl ope po, The s|lope of the ray exiting the
sur f agrplies i e tppRd Plang|mirrop it hedip 4%56 sasmaht Hrthe gipt 39glesisrioh aesmaiigeangiee

normal is po - ao. Simlarly, the angle between the
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, - . Similarly, the angle between the

20 ray exiting the surface and the normal is p’ - @. Snell's law is then sin(p, - ao)= 1 sin(p’ - a,), 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) ;.
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20 ray exiting the surface and the normal is p' - a. Snell's lawis then
sin(po - a,,)=n sin(p' - ao), or wusing the small angle restriction, np' =
po + 2(n - 1)ao. A conparable equation can be witten for the ray as it
exits th nd surface: p2 =np'+ (1 - n) a,. 18 WO CH%%

PCT/ USOO/ éggi E‘?I m nating p' and defining the pr| sm angl ey 6/23361 a, ,
have the equation for the change of slope by the prism p2 = p1 + (n - 1)
a . The ray matrix for the small angle prismis then: 5Y2 100 Y2P2=0
1 (n -1)a BHmidaiing p0add defdhing uisspism adgldual =\Whi 4 &;,0@d haviesths kqitioh fofihgur e 3
connected by a polarizing prismbeansplitter. The 10 mrror in the optical

spati ehaﬂgbgmlogp@w@é Pﬁs#pzaaq)l v@er bRl THe b i3 B0 dnGil ﬁ 1eg;9§§,

with | ens fl tonstitute one te cell, hereafter referre
. Thgmirror in the SLM and spheri cal Mrrors E 24 and F 25, conbi ned
with I'ens f2 26, constitute a second Wiite cell called Cell II. The

di st ances betvveen the SLMand Mrrors B and C are the sanme, and the

di st ances for reflected off the polarizing beansplitter going to
Mrrors E aig F Zré)theosa ¥, 15 The distance fromthe SLMto Mrrors E and
F bs greatep, Jg 0 tlhe,ﬁig 5e fromthe SLMto Mrrors B and C. In

oper ati on, gl Bt bea 3e fromthe SLMto one of Mrrors B, C, E and
F and back of eac rse of the cell. The polarizing beansplitter
and the SLM det erm ne whi ch cell the beam goes to on each pass. The

pol ari zing beamsplitter transmts |ight of one polarization, say the plane
of theidfcugisre, 20 and reflects |light of the polarization perpendicular to
the plane of the figure. If the Iight starts out

A dual White cell is shown in Figure 3 connected by a polarizing prism beamsplitter. The
10 mirror in the optical spatial light modulator 12 and spherical mirrors B 13 and C 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 2 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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going to Mrror 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 SLMand Mrrors B and C. Conversely, if the light starts

towards Mb ﬁ§49§4w th polarization perpendicular to the pl 3¢q,bobH8:
figure and the SLM does not change the polarization, it will continue to

reflect between the SLM 19 WD 01/ 14924 PCTI USOQO 23361 and Mrrors E and F.
The path of a beam can be changed fromone cell to the other by using the
SLM t oado¥igrass Erpad §i. abhe rath pba beam gan emchasged Bomammcsl tio thesotbérfbyt usingShevl
The present disclosure discusses a set five possible imaging conditions.

Fi r st , SkMgo fatetzithe plemgfipobdrizagorsad the beant howeas dff thenlged. M rror B onto Mrror
C and vice versa. Second, simlar to 5 the first condition, the focal

| engt h of |Brsprésnt Slsﬁlbaﬁeldlsbﬁssbmg& fider sRkible iatdeMpeMontRionk: aﬂ?stvt'hg?oc‘é?r sa.
Thi s reqw rement may be nmet by placing Mrrors B and Cin the right hand

focal %H%f ®ns 1 §Néhdsén ANEndR¥ NrRSE 'quntMI\'/\Ij ; rroscr 51(‘1301% vefg,g RELLO gglllap % ane

of lens T2. The third condition is that oul belmage

M rg or ed onto. Mrr r ement
Uhat e fird 2ot U eI PRy c?? & @3%@8 G, “ff?r%a%t g Ve
requi renent.. .10 that M erbFs E .an An tEE igcal ne of lens f2 al so
sati sfYEE- {YHSTABRENENt Y Bereet by a‘i‘% irrargithgn riaﬁfem hepd fogak plane of
corrparable The fourth condition is that the focal lengths of Mrrors B
and C lspsefl @rd dx plasing Mirors iEnandoh jnu thet foea phinerpf|lenssf2f | TheMhird sosdiBomimith@
image a small spot of |light on the SLM back onto anot her snmall spot on the
SLM TMerdrdd shoubbbelimdged on® Miradr K. read Micalr G shogtdise dhadetiranar BifrolaBd TFhear €
chosen so that, in conjunction with lens 15 f2, a small spot of light on

t he qum&n&gathat MBge®dB BACK WNinaht fiscabhiihe bﬂleQBQT adde@itr vathP@E Rbquiemkhght
starts on a snmall mrror next to the SLMcalled a turning mrror. The

li@ht ths MirfBCE afd FOWat 88 M4l bRhe gfle%%?cfsatnpﬁe thgr}'bnii]l%of?o' arized in the

pl ane of the figure so that it Is not ecte e pol arizing beam
splitter. I\f,hrer1 B i.nma cenatr.i o,

the Iight i9¢ra tt W, 1% fcopﬁtlo&_ﬁeaﬂ f?{ﬁ%aé gﬁéuﬂl c8ﬂ<§]80n SIS at 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 fl 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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20 Mrror C, which inmages it to a different spot on the SLM It then goes
to mrror B, which again imges it onto the SLM The |ight bouncing back
and forth forms a sequence of spots on the SLM If the polarization is

changed Ryobl)g4o2kM t o be perpendicular to the plane of theplirgjofe3sst Ne
i ght bounces In a simlar fashion back and forth between Mrrors E and F

and the SLM The 20 WO 01/14924 PCT/ US00/ 23361 pl ane of polarization of
the |light can be changed at any bounce off the SLM so that any conbi nation
of pat R&0ppiceelpEzagier efnthet hght can bre changsdrat anyebenmentoft theoSLMnserthatt anyt he
transit tinme through the cell, is the nunber of bounces off Mrrors B and
C ti nesomhmatipmnfpathy inrpell§ enpranditero c&i b tiooskh.r The qBunand fhaetest, tHettgank i @ime
nunber of bounces off Mrrors E and F tines the transit tine 5 fromthe

SLM t o thybuglothekcellCentiié dambagof Rrineea6it Mefad Bong Oftiniddahs Raksit ®he lfoghnheon
the SLM there are various configurations depending on the |ocations of

the cert&l & Wir&Us ¥ad AR, flus MerdudRr ?F ?cﬁ&gc% &P ifrors R Ialiﬁlgis_ HRAEAEL ReheON

the spot size relative to the size o LM The centers of curvature of

M rgor . ri nposed on those of Mrrors B and C so that the
spot s ?P@mﬁggﬂ“&@[@%&gﬁlo al so coincident wwth those fromcell B-C

Ref erence wil | .qnl e nade to.the nters of curvature_of Mrrors B and C
for sinpli \(I:\/:CP‘i}?lg?‘—*?%ﬁJF ek l%faW’égv\Pfg]%‘et F@’tglf’l’f/lliggbﬁ’i“n‘g‘e ¥ thers 29 varigiswi ng
the nost traditional spot configuration. The SLMis assuned to have a
squar e SYHEYEAtions depesdigromihe leqabionoalthe (Fentersnefr qusyasure o MirepuB, &n8 andtut
turning mrrors respectively bel ow and above the SLM For this 15 case, the
t ur ni ngndilse depending wetht spadizatreldiise wnthe sizefof 2nBS ke r Ehemeh&rsaof durtagerof
related to the nunber of tinmes the light is re-inmaged onto the SLM and the
SLM i sMiftk8/E il Paresugeriipsde@Bn (s 0F MifpS B BndCSb digu @rdsp8tsiffont Ba1 Hirsiance

bel ow and above the optical axis, respectively, of the projections of the
ceng er s Eoibti¥Atwikiethate Mol B-8 RBfrdrice will only be made to the centers of curvarure
of Mirrors B and C for simplicity.

Figure 2 is a view of the SLM looking from lens flI, 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)o 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,,

Yo), where y, = -2mJ. 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 26 is subtracted because the
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| magi ne a point of light on the right end of the input turning mrror, as
shown in Figure 20 16a, conditioned, as nentioned previously, to be
traveling toward Mrror B. That spot is inaged to a new point on the SLM

| ocat ed qpEQshisssthe center of curvature of Mrror B and apc-9aiab,r3ad] st ance
fromthe center of curvature. The position of the input spot on tﬁe t urni ng
mrror is (x0, vyo), where yo = -2nB. The point image is at a |l ocation
opposite the center of curvature of Mrror B. To find that |ocation the

si gn ofentenef eywatdiertdiMigror 8 is delomstbd anisd [ths light werb briag imdzdddyadgert®ehe1 WO
01/ 14924 PCT/ US00/ 23361 center of curvature of Mrror B is below the axis.

| f thesigr gfithe v&Uréinbes AGuidBrgekring Mdrasaiddéd. Theeresli ign of the coordi nates
woul d be reversed and 215added. The result is (x 1, y 1) = (-xo,

Y0- 25) =(-(X0,#26( _ 1) b5 The i _ks then reflected back and re-inmaged by
M nor C.(Tﬁgﬁpaég%)%nggé ?gmégp si%é' 5 the center of curvature of Mrror C

e an et 5% 505, LR, T0E LSRR ER, RED i 0BhR i

alternatively bounces off Mnors B and C and is re-inmaged, Locations of
succedBf Gaterpd curvange efdirgrt arfl asequrhdistange fiem ity hedoqafion is.theraafi(rgy2) These
spot locations are given by (xn, xn) = ((-1)nxo, (-1)n (yo - 2n5)) =
((-1)"0eR, -¥o-a¥8) 2(rm -20(n6) 2))10A$ thegirneesa cemtinue$, tholiphtsaltentatinedd boasces v i n
Figure 16b. The point inmges can be indicated with "x"'s. The inages form

two VeVlirtdi@B dnd M éndis r¥9maddde NRAHFRMI3licceQNIipdat fe Qbsidhieed RQULNES at the
alternates to the right and left of center. As the inmage nunber n

increqgﬁﬁﬁdﬁggggg?ﬁéwgh&goa@bhfég%%ET ove and bel ow the axis first noving

successi vely e axl's ,2, and 3, and then away fromthe

axis for n= 4, and 6. The_pr SS ds when.n = 2m =6 and the 15 i maged
spot mﬁnﬁ%”@b‘ggtkﬁegau@bU?”®EF26ﬁbﬁhﬁﬂrZP"éFﬂ?he top. There are 2m 1=5
poi nt inmages on the SLM There may be gaps between "x" spots in the
col®urms on Imagine ¢ sps of ppivts doc gir3bes shewrdn Figure 16b. The point images can be

indicated with "x"'s. 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 n= 4, 5, and 6. The process ends when » = 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 (-x,, J,). More spots can be added on the input turning mirror,
as shown in Figure 16¢, 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

22



by placing a second input spot at (-xo, yo). Mire spots can be added on the
i nput turning mnor, as shown in Figure 16c¢c, at different values of xo. A
conplete Iine of spots then results on the 20 input turning mrror, the

spots beiygopgidrgd at different values of xo. Colums of speLsHeRski!!
the area of the SLM Instead of a specific situation where the centers of

curvature of mrrors B and C are equidistant fromthe optical axis, a nore
general sjtuation can be discussed. There, the centers of curvature of the
mi r r orl@catios yshdi cerfer plecyrvatitesof Miror € ist e disehce 28 wheverie dhe Mhput opotBs b at
22 WO 01/ 14924 PCT/ US00/ 23361 | ocation yB. The center of curvature of

M rr orlotios xg ydi Thaeggedfbrafoo st loéatiod BE spAAPLUE (PP ) & $(-Bf'x,, Eﬁci%)l PRy, YO,
The expression for the location of spot n is (xe, ylg = ((-1)"x0, (yB + 6)
+ (- 1)L 2649, wherg8)W5 is HORIGNBortE o LD b R Bt i dway
bet ween t’ﬁg \tvw% %gnt elrss o?{ cur v%f:ttl}rgg.bﬁlt }?ﬂgwge)ggégﬂc%gthgtﬁol Ceﬁle\rlsegtt‘i%g‘g&l ums
of s s paral | to the |ine between t centers of curvature, 5 the

y- ax}o:fhe Ielausoﬁléﬁb gé‘fefivﬂﬁ?léémrnﬁ Bﬁfq?ﬁsepaéﬁreg%&‘?g‘n? ??EWFFH € ceaters offureages. | n
general, a disjance 48 separates the spots in a given colum. The vertical
posi t i'BNEaEF {heSRosHalermate Bam s icalwnndp dhe othergsviincreasss. migeneralad distande
those in the other colum. They depend on they value of the location of

t he i riguepargies theFhets dyaagivenrcolwnc &he vertitdlepopitions ofltheepuatih @fe WbiRmnyE:,= - 8.
Two special cases of present thenselves. For sinplicity, the originis

t aken howvdvayndigdentied]l willethe @ th @hcSotRér cbfinsr M Viehy WeBeriPort 1!?1@5/ viRie b8 BeatlbR t he
first case yo is an even integer tinmes 8, or yo = ne8 (he even). 'S is

i cumy” B e shet; 18E Sausl 0ot & s TBuClorkilf VBN T Gttt P10 ePamp
spot is on the bottomt rni,ng,m’ rror and the output spot is on the top
t ur ni rﬁ)g PRSPRoemeedese di08 SHPLiqityy dhg @REINoHsiakeR midwag hatwagie theeeantrds of

specific case arises when yo is an odd nultiple of 8 yo = n08 (nO odd).
TA@n cumatugy sogthetysspdt §.ningthe ficslcasery,tihen evansin@gepiimen p@si, t=en,ist(nd dvet)ne
ot her colum. The input spot is on the bottomturning mrror and so is the
out pufThsothe sithation far @=61 Thén thely Fad@sSf dtie $Pass idloMe cbhintn are midway 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, odd). 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 n-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 (xo, -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 o. Since the spots are separated by a

vertical distance of 26, it may be preferred that o= 26, i.e. the distance between the centers of
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situation can be illustrated for n=5 in Figure 17. It is possible to fill
in the gaps between the spots in the two colums. That can be acconpli shed
by putting an input spot on the top turning mrror at |ocation (x0, -yo)

W th Iig%h/ﬁi'/{{;%; ed towards Mrror C. For both configurati RS ARPE2SE, fill
W

the 20 spots by using nmany spots on the turning mrrors.
Cenerally, it is desired to have the spots close together to utilize the
SLM area in an optinmum fashion. If the SLMis divided into i ndependent

ar eas curyhtueglofpinkedrs B ireinCishowid ecgba to phesper size. The spote noyealsopiat sepaatedi xel .
Let the spot size be a. Since the spots are separated by a vertical

di st amg@ dftande 250t tHeMbriBéntr Bfegtiéed that 6 = 28, i.e. the distance between
the centers of 23 WO 01/14924 PCTI USOQ 23361 curvature of mrrors B and C

shoul d be Ak @luhe: §6a3Ral ord ST MIVas A S0 Y- RLR BE nIFRAY & $llic R

a
di stance 2 orizont iTection. e nunber o e SLM
was taken to be egua e nunber of ,spots from top.tq. bottomon the
Sim i © et ST o TR RRaBE noh bF R sty JAFTABR SIS GhLBIm G ol
spot s fromtoP to bottomon the SLM nay be of the order of many hundreds

bub ofPSSS {repstoprtoRatiereen sy Sk maybe«H the grdep of magy dundredsy put Gty &g96t0f can
bounce back and forth in synchroni zation. Two exanpl es can be consi dered.
Ther ebeunsepanayetbs désirspot dn ghatangred groupscof wpots doi bepncef baskt &d forth ahher

array of spots being reflected. In both cases the set of spots can be

r ef | esyretronizadion.i MBeo ekimplbe cah Me chhsideee. oThesphn dE rsaypSofasgotarraipedtip make
nost effective use 10 of the SLM capabilities. The tine del ays possible

W th thames 8éing edflecRUEOrIRG 02D D AV 1£Beind e HOLE! IP6HAR cALEIR Rf 6F c%f)tlsr&'lziﬁmer

of beans, each executing n bounces. Each beam can go to either

whi chpl AGHEE Five M‘rfelé gffﬁth§8?§/{é }}eﬁtnﬁse g?FﬁoQ a%s:ﬁgl(o;lvs oile f mMe&B?%%Efgct i eulgé To

derive the expression for el-ays, I's define

optical . di nce, in Cell |, i.e. fromthe SLMto Mrror B or C and back. 15
D%i i § t&EfS?“}S@ﬁaﬁaB‘hﬁ‘SS't he optical distance in cell Il, i.e., fromthe SLMto
Mrror E or_ F and back.

The time delays possible with the dual cell are also considered. As described, there are a
number of beams, each executing » 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 Dgr is defined to be the optical distance in cell 11, 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 =2nmd, +2 dpc
Der=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, 7, is given by 7=(1/c)((k - i)Dpc + iDer)=(1/c)(kDpc + i(Dgr -

Dgc)). There are three items of interest in this equation. The equation has two terms. The first
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dBC is the distance fromthe cell lens to either Mrror Bor Mrror C, and
the corresponding distance into Mrrors E and F to be dEF. DBC = 2nldl +
2 dBc DEF = 2nl1dl + 2 dEF 20 Here, nl and dl1 are the refractive index and

size of th rismrespectively. As before, the light |eavi can
be control 8@115’§/4the pol ari zati on change at each pixel to Sg%}gk@?&m
cell. If there are k=n-1 total bounces off the SLMand i of these bounces
go to Cell 1l, then k - i bounces go to Cell |I. The total tinme delay, T,

i's gi vestmbiy ploplotidr@) {o( % andiiy E¥¥stant.i DHIY thete isQlWaBRBGohstahiihe deldBG= (11her e

are three itens of interest in this equation. The equation has two ternmns.

The fipg3;-20 MR @lAick49%e BLHWSAR 23 3R boktidl ks i %@99%%@.'1 /1‘3?5 %e'gs

constant. Thus there is always a constant time delay, Tc= (

this deyi S 3 | S. [t I i d is variabl. hi s
contr oﬁ\égéé]%nlt%g)r ehe?fc‘n?p g&(ﬁﬁtg#ntq! lQI'III,% %‘?‘%80‘19 ﬁlﬂ gﬁgﬁgsq?r{ct) pI%H ’ glél ﬁl&d@eﬁgte{ﬁ )[( Fo-
consta@t pqrt ,ﬁgi ving Tl = + (i/c)( DEF - C). .Increasipng.i by one unit
i ncr ealde)- I RECRRGIHYone R ipgreases thy drapsib Hime bXpndncremensy A Rgivep by (= 6l/pEF -
DBC). Thus the time delay increnent, AT, is given by the path difference
bet \weeP:eCel Pad)) Thusrttie Gelel defay ifitrementadlbés gmer by thet petie dfferenceibdovaeartpdl bf
val ues. The tine increnent, AT, can be expressed in terns of design

par ameht Gell HBlhis difbe hade @Rgke dn% widBCaiebfBEfesan be repl aced using
previ ous equations. dl can then be elimnated in each cell using a

I
: ) ; . D o 1o q
Dy CGER 1 or oy e RARRbCRT, o tel R Brelleylin derh RN AR En BiaRPtr, Ohey i, w1
d- BC/ - {dzEF/ 2f .This red ted. If .dBc,: d d f,
Lokt 2 itk bbb R B R PER0Rs ddRgs R0l
possi bl e values for i, so there are k possible tinme delays and the maxi num
i ncr en®¥Hi&E PEFICy imaging gonditigp, yafteyvith d ,r?gla@dMﬂBchugelrh@m AprLifer cell

increnental delay is
10 IL. The resultis

AT={ 200 + 1) (doc - die) + 2 m? ([dsc! 261] - [der/ 261) §

This reduces as expected. If dgc 2 derand f; = f> 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, 7 given by Timee = 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  Dbeen replaced with Lenses G1 25¢ and G2 25b and Mirror G3 25a. Of these, Lens G1 is chosen
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proportional to the maxi mum nunber 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 Wite
Cell mrr made unequal . The optical distance fromt rror
Fis mdﬁég}/g‘é&r than that fromthe SLMto Mrror E. TheggT@é\%E%%ﬁy
advant age of increased flexibility in the choice of possible delays. The
nunber of possible delays will go as k2 where k is the nunber of bounces
of f tse tBitMin Ebgjunctiof Wwihildesntr2cale SDM hreintaped i ogits Akeho G20 ThigUreds [Mid h

t he exception that Mrror F has 25 been replaced with Lenses Gl 25c and &

25b andnjMbite ithGRe 8BM. QnstBESholedNs ifthgd the PRSP 12As WP ddid #A284G3 with
PCT/ US00/ 23361 so that, in conjunction wth Lens F2, the SLMis inmaged onto

Lens : .ens | R4 j - W . s . cheosen.to
R et s R e L
a r.ror xS _canj ygat e . e pl.ane.o rror \ i is.also
conj ugaties tg%l\/rh'rr&: %E H’ﬁﬁr?rr gy’ﬁﬁh?s@éﬁ&?é%“f SeIHER/%Pf‘f@aIBE@n?‘é i 8Eur ure
on Lens &._ The 5 image of its center of curvature then also lies on the
SLRy dmaes & iisseateeal B vatHmithemalse He @ he Shde andds losaied sn et hresppisbensee The
i magi ng conditions of the dual armcell are still satisfied. An .
al t er gamepdongshpieyiguslyi chhewimagingeennditions ofiribe dpalraspl eatlearelyyillnsatisfieds As al so
included in the present disclosure. Further, GL and & may be conbi ned
it_nt o ];altsxm:arg}eﬁ;:drg‘rgs_;art]iaﬂavnmilingém?wrﬁa_ : trefhna‘s bf gﬂilimotmgs gl'zsé fiﬂﬂ“,\ﬁd tnr ﬂ,@sc,;is t
ime for lig in e arm cont ai ni ng Lenses an an rror :
| N adghdst@idcsHRBCravtthr T atd 6D ehdybeRoMBMed ifbAnGle Ichie optical distance
DEG fromthe SLMto Mrror G3 and back where DEG=Znl dl +2dEG nland dt
bei ng t he r i j i Of, .t I : i . eviously.
U?lg x%gﬁl }f;?gljoogﬁéﬁt a&%e% ﬁgxp {h&gﬁ?%%rn# %FQmE\% tgr% fﬁre gl_gfl) n tlg)e aé as

‘(Ij'hen dEG can ]E)e witten 1n terns oh ocah Ieﬂgt Irror
_ E 3. . | .' . . .
o ereaig e} sroce i Fhesegiar sihehE Mt Rudodf ind ve iRt o

the optical distance Dgg from the SLM to Mirror G3 and back where Deg=2n,d\+2dxg, niand d,

being the refractive index and size of the prism as defined previously. Then dgg can be written in
terms of f;3 the focal length of Mirror G3 as dgg = der + 2fz3. 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 », 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¢) (Dgc - 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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15 Mrrors E and G unequal. To proceed, it is necessary to know t he nunber
of bounces a given spot w Il nmake off the SLM As before, the nunber of
bounces is designated n, and for the sake of discussion it is assuned
there are_an even nunber of bounces. The difference in trar}' th%l

bet ween tY8 & 4P4nd Mrrors B or Cand Mrror Eis then set%érz‘ﬁslao t he
smal |l est desired tine increnent, AT. The difference in transit timnes
between Mrrors B or Cand Mrror G3 is set to 20 ((n/2)+l)Orl, where AT =
(1/c) FiomGhe SDBA)therd laes ewd ichreiseg ntewards eithdri Mired Gyor MotareGodepkndiag onltkaigt hs
for the various el enents. The reason for these choices will be nade

appar eglariatioe 8f Mk light 18avihd HRY SICE UPor @AdhNEe light 6aNeilRr 846 Mitd B spal | .
I n exam ning the possible sequences of bounces on the SLM it can be

assu : ). t t j i ta: d
Gocs et o Fr oAPRmBLAR s Rk s Tty ¥ i b o0 2056
From t SLM there are two i s L0 s either.Mf.or or.Mrtror, G
dependiig S pREbSisd ERehR b eg e Rhh fovie it Mi¥eew SLBor e dient
the light can either go to Mrror B o rror E_ After odd-nunbered
bouhce DU HaHota e P%MwﬁtB Oak a&f b%}y' HietHes oM @%?ré ©0p,0. G he sharisst
even- nunber ed bounces off the SLM the light can go to either Mrrors B or
E. Thetransymesodsutsneben gl light labvayis reeep i Murrers & enB Condethg deingsall transtiding e
off Mrrors Cor G The shortest transit time occurs when the |ight always

goes taciMsmwhensheBighndiwayagded oeMiramgEshdGransit tinme occurs when the |ight
al ways goes to Mrrors E and G The transit tine for a given sequence of

bounces canTHeheisPEnfRXBF 855RH sByudn bf Blintest@n g bebxphREedfy oG 88 uaf f
Mrror E and j be the nunber of bounces off Mrror G 0 <1i, j <(n/2). 10

(
Th i 3 2 <'l' -'
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The transit time for the » bounces going i times to Mirror E and ;j times to Mirror F, 7(i)), is
given by
M) = (1/c) {((#/2)-i) Dsc + iDgr + ((2) - ) Dac + /Dso |
15 = (1/¢) { nDpc + iDgr ~ Dac) +j(Drc — Dac) }
Or, using previous expressions, 7(i,j) = To + AT (i +j ((n/2) + 1)) where T, = (n/c)Dpc. The first
term, 7o, is a constant and represents a base minimum delay. It occurs when i = = 0. The
progression of increasing delays is now shown. After i = 0, the next delay occurs wheni=1,; =
20 0. i can continue to be incremented until i = (n/2). Then set i =0, j = 1 and start incrementing i
again. This is identical to a radix system of base (n/2). The longest delay occurs when i = =
(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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15 = (1 /c) { nDBc + i(DEF - DBc) + (DEC - DBC) } O, using previous
expressions, T(ij) = To + AT (i + ((nl2) + 1)) where To = (n/c)DBc. The
first term To, is a constant and represents a base mninumdelay. It

occur sivvge(gof'q‘ﬁzj = 0. The progression of increasing del Q¥ET}U§0d7£'. 615hown.

After e next delay occurs when i =1, j =20 0. i ¢an continue to
be increnmented until i = (n/2). Then set i =0, j = 1 and start
incrementing i again. This is identical to a radix systemof base (n/2).

The | 6A%EREtoReWEY lens di7s smagesrthe SEM onto Migron F2.| Miiror T2 (theR jmages/Mirdor F1
AT{(n/2)2 + 2(n/2)}. As predicted, the maxi num nunber of delays is
pr opootiodviatort(@3. finallp, the nérterofativature bAMiirsr @pis ceateked drdlelidrércl t o t he
previ ous configuration can be inmagined, 25 having Lenses G and &

repl aced wrhb deplg@rofat dahlr &gfed FIDaw: B2 adGibRfirs mlfedr toFmprbit &t VO
01/ 14924 PCT/ US00/ 23361 conjunction with lens F2, inmages the SLM onto
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center of curvature o &3 1s centered’ on desig ®f the

dual i.t: can additi.onally b difi.ed to.inprove th unber of
potge n?(lg gzl'sd{hl-gl;rrle%&‘dgfagly § ,canwﬁee?%netlﬂ &R B%‘Bse %r q%y&gﬁlgﬁ?‘ggﬁgg BP0 ﬁﬁ Fg‘?ﬂfl oft o 2"
r at her ;{}3{2 5¢to ncf4i The godificati,on can be done in two parts: first by
addi n&‘e 1?‘%%‘%‘3‘?7? ¥ 4mp elﬁﬁé’eﬁp%{‘h%n%‘f“ ORISR WitA dhe HeRliay arirrerst iThe

del ay mechani sms in conjunction with the auxiliary mrrors. The dual cell
wi t h™ deslicell ayith ayxiliasy migosisshewn in Figywe & a5 aghreg-dimenséondl raadgionn]the dudi t i on
of the dual <cell. Added to it are two mrrors, one over the SLMcalled
Auxi | cell.y Adided oo itl are awd raimroess tona ovet theoSLdr cablel exuxikdrly edirrorel, and @hicktraover
the edge of the beamsplitting cube, called Auxiliary 10 Mrror 11. The

opt i calirrexos ofher kefles@anniatteiaSbdrame oAUXidritR Bedvh!spBtting -cub&ngiith A\ﬁéﬁi}fe“
made |arger to cover the SLMand Auxiliary Mrror |I. The turning mrrors

21 U, L S 1 Ay ek PSPPI
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 f1 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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The light starts on the Input Turning Mrror and goes first to Cell 1.
Mrrors B and C image the 15 Input Turning Mrror spot onto the SLM |f

t he SLM does not change the polarization the light is imged onto Auxiliary
Mrror | wa@iagain onto the SLM If the SLM changes the pobgfih&eérng: the
light that is reflected off the beamsplitting cube is inmged onto
Auxiliary Mrror Il. Light Ileaving Auxiliary Mrror Il is simlarly
re-imaged back onto the SLM Lens fl images Mrror B onto Mrror C and

| ens fIDIOjH@EBS SWEL that cach baars falls enge ipto eggh prepoIRIrtyHiN dRPUE SPOMH Gier Sovaren 20
sati sft:i ng the sane requirenments but having various advantages are al so
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exanplmirfot sposardyhotihes e SLRY Sidt A dili®y deinry Soraiplétesi red, that woul d
require eight bits, m= 8, requiring eight bounces on the SLM The SLM
surface i s 118 dh bt 82028 NRIQNEL AR RCHLUS0GHRAZ6H Al @ o) 1BE §3%erSLED

that each beamfalls once into each area. Thirty-sSix input spots are shown
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different areas. To discuss this approach, suppose Mrrors B and C are

t aken fionbokerria piace phercd arqaghAurdliasy Migrer Ny rIhe methods of increaging fhe pash lengidingt h
can be placed in front of or in place of each area of Auxiliary Mrror 11.
The netilddprastntedshatyi e disengadshodiaed)iith the inkrebes ippethdenghl issthosdn tp.beThe
di stance associated with the increase in path length is chosen to be a

bi nar ¥ Hisk¢ tfiu@RioRfof SOME nflih Mk M stHneé, ANC and AT isathEl nfidiniiin hB& & NiMRI B ay.
non-zero tinme delay. 10 The relationship is given by AT = (2n ,lc) AL,

uiier 1 Ly NG 81 AGEr L1900 0L DGR el B MIED o U LLOBG 01

probagates an spee T ght T n vacuum e 1 ncrenen
i ncrease .associated with first area on_Auxiliary Mrror |1 is AT, that with
t he s@@"g ﬁ'xgrlgcglt iprobaggtes anA CSIS the speec? of %gﬁt En vac¥1um. Ji"hus the incremental Qme

increase associated with first area on Auxiliary Mirror II is A7, that with the second area is 2A7,
that with the third area is 4AT, etc. The general expression for the time delay with this approach
is T=2mDgc + AT (8 + 26, + 46 + ... + 2™D§,) where the &, describe whether the i-th delay is
15  added in. If &, =0, light goes to Auxiliary Mirror I, if §; = | then light goes to Auxiliary Mirror II.
There is a constant delay, 7c = 2mDgc. 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 SLM to Mirror B or Mirror C and back as required for the Dual Arm cell. There is also
an incremental delay, 7; = 2AT (&) + 26, + 48 + ... + 2™V§,). The maximum incremental
20  delay, T/max is given by T;,n,=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.

29



that with the third area is 4AT, etc. The general expression for the tine

delay with this approach is T = 2nDBC + AT ((51 + 281 + 483 + ... +

2(m1)8,,, where the 81 describe whether the i-th delay is 15 added in. If
s to Auxiliary Mrror I. if S =1 then | pghlysg@eset O

AUXI I | ary ‘ﬁﬁ’%@?“e There is a constant delay, Tc = 2nDBC. The ?’gct or of

two in front of DBC occurs because the distance fromthe SLMto Auxiliary
Mrror | and back required for this case is twice the distance fromthe
SLM to M r ride n®tiyrd of adding Woeksdbfigiask ongtherigarispadntf matetidias Buewn ity Figwre 1Sk,
There is also an incremental delay, Tj = 2AT ((51 + 2(51 + 483 + ... +
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material such as glass can be added next to the auxiliary mrror.
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and receives the associated delay, or goes to Auxiliary Mrror | and
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Auxiliary Mrror I, encounters no gl ass bl ocks, and receives no del ay.

ongt hat hg, t m goes to
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t he a ci.ated extr tical distanc t ass bl ock. As before, dl and
i tﬁ“ﬁﬁ?ﬁﬂé@? eéﬁ?ioPtecfawl g’é{afl?/eeoﬁh g?s‘{ﬁo e beanmsplitting prism

As before, d; and n, are the thickness and 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 f2 to the

White cell mirrors E and F, as well as to mirrors B and C. The focal length /1 of cell lens f2 is set

15 equal to dgr. The distance d> from lens f1 to Auxiliary Mirror II is divided into two parts, d',

filled with glass of refractive index m, 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 dj n

20  and the minimum transit time, T, from the SLM to Auxiliary Mirror I. They are ds yin = 2dgr—

(dcrlf) - (di/ny), which reduces to the single cell imaging case if the material along distance d; is

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

SLM to Auxiliary Mirror I and back. It is T, = (2/¢) (midy + 2dEr + damin) = (2/c) (md) + 2dgr +
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Let f be the focal length of the Wite cell mrrors, and let d be the
di stance fromlens f2 to the Wite cell mrrors E and F, as well as to

mrrors B and C. The focal length fl | of cell lens f2 is set 15 equal to
dEF. The dlstance d2 fromlens fl to Auxiliary Mrror i nt o
t wo parts 041324 i |1 ed with gl ass of refractive index n2 iﬁﬂﬂ§h§8£¥ IIed

with air. This corresponds to a representative block of glass. The
expressions for the thickness of the air, d"2 and thickness of the gl ass,
d' 2 ar@dgi véd ei/A — (Bmp. dpothvbe puniamm distance ped Henininimug] sersicémbecegah t he

| ens and Auxiliary Mrror | d2,,, 20 and the mnimumtransit tinme, Tnjn,
from t thereSk M plassAuiH0.ary Mrror |. They are d2, mn = 2dEF (d2EF/f) -
(di/ni), which reduces to the single cell imaging case if the material

al ong di st afyeh. ﬁilztén%s &hﬁﬂgcf?)a;aﬂ}e@réstﬁ%(ﬁuchf@@%l nlofad"%legg tq r r%ﬁ{mrte@%r case

there is a mninumtransit rom-t SLM t o Auxi | lary

back. It is T 2/ nldi + 2 EF +d = ( E
VD 01/ DT Reastsy o so Tt e eh b bl e RS e frd ﬁi“'ﬁi’tﬁhm
di stance and the mninumtransit tlne occur if there is no glass, d' 2 =
Theén i disteegend dfom hasdl padardiasr Mipe! ihgivRhbs s § F2of *al k{ﬂ"as*s IB(Q./)Z:)RTI

required for increnental tinme delay T, - T,,mn is given by d 2 = {n2l(n22
- 1)} (Eimi).-( By setilng (ﬂ";n) T apd= t%’é)ATOtthése dﬁuaincmsacmnet,henlz;),e fised ntol emml:itd: tlie0
Auxiliary Mrror | is given by d2 = d2.mn + {11(n2 + 1)}(c/2)(T1 Tj,mn).

By setthicRfest bt tire iTibldek nAlternglﬁ\'/ély,)lgll-l th B RehsRAY atd ISyt Aknt the fraRt & eart O
cal cul ate the thickness of the ich block. Alternatively, if all the

di nen d%n he %a} tr nS|t k P
{2( nZS[Be %?c/u?aﬁd A)}mézkn 1 ?d rrp—[gqr 081% ara etSEHlé; %eguoglgeﬁf olngonr for
t he du cell . The appr ach usi ass Iock i S §f for snmal
del ays' Pflaltcrité 6#5@}2@0331 usieg ?8@‘%? glﬁgk her fﬁbV%éH%ﬁ el dbiieRkeReiand
are V|gnetted by the edge of the block. In that case other approaches may
belOus o lamgdhempihe bawhs ieviltel binademangsase yrengitedayy b edpe PEHIC Hlodkerls thai cpieace
of the gl ass bl ocks.
other approaches may be used.
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, 43c, 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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The |l ens transm ssion |line provides another nethod of generating tinme

del ays that may be appropriate when the delays are nuch | onger than those
al l owned by the glass block nethod. The 15 situation is shown in Figure 9.
There are five |l ens groups | abeled 43a, 43b, 43c, 43d, and group
conprisiﬁﬁDPHP@€4lenses. The plane on the right 44 is the Fﬁigpoﬁgﬁgbject
plane and is intended to be coincident with and repl ace the plane of
Auxiliary Mrror 11. Light that was reflected off Auxiliary Mrror Il now
pr ocepersormedibtya dredpn. The fixst task isdasic sy deoperatine ped wilkbs ¢opsidersdamansdiataly.ugat e
to the plane of Auxiliary mrror |1, |abeled 45a, 45b, 45c, 45d, and 45e,

| yi ngTat oer twretagksniehi witk light dohserfatioa. | ens groups. Figure 10 shows the

pl ane of Auxiliary Mrror Il and the five conjugate planes in three

di mensi onsThé\Firdl postibR @EIOWPS 16BY gRRPriatte imdentheCiblycormpidaye pABe ogfoOthe W | |
be considered. Recall that at the input to a group and the output to a

group : n Lt bl  Hihe eto
O Bk e p R encink otk MOt Htats, e Bt L0
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consi de h r asks dea nservati on

The first possible task of a lens group is to ina t he input conjugate

pl ane de¥ed IPRHNE o {RHIPULHN %&&Fémﬁ}léaﬁ%.&a?ﬁsear? éﬂ%teg ﬁy ¢ H’é‘gﬁ“rél‘ﬁf‘té‘?“ ?)tg'lllf or ms

that operation. The focal length of the 5 lens, f, can _be separated from
bot h conj uljaerergicanepobjonofthe regas ef odch cprjugaieatansrase irpbaceh &y Vet swip

i magi ng. The input and output conjugate planes are related by a

magni figatsi dihesf areds. cdrrespydrtatthoarcasaofptbe tglass blwicks hethapeasousfdesigoh ThGnisugat e
pl ane are replaced by vertical strip mrrors. These areas correspond to

the asRasSn Fhgdrd®1 WHREStHBIsRAET ardhsicb@edpotl it®@ U MrfirgnLighhingidest insSgRA Tiof
Figure 11 where the shaded areas correspond to the mrrors. Light incident

oA ¢ . : e _ | .
IG?% u;ﬁ%lp%lar%n%ﬁ'ﬂuilhwgr dﬂ (Eaés% 'tﬁrb%%ky itMnfi' Gfoup G P258 8S rd e RHIR cbffljug?tg_

isre t conjugate plane 45a by the vertica rip

RIS R TR R R S
and | /S&rea I 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 2D AT,
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reflected by a mrror placed in Conjugate Plane 45b at the inage of Area
1. Simlarly, light in areas IIl, IV, and Vis reflected by mrrors
strategically placed in Conjugate Planes 45c, 45d, and 15 45e. The length
of the | [ s determnes the tine delays. The | ength of jrst lens
gr oup na§9§3%%ﬁ%§en so that the light that travels throughgfgh25&§%ﬁg 1,
reflects fromthe strip mrror in Conjugate Plane 45a, and travels back
has the shortest desired tinme, AT. The |length of the second group is equal
to that of Renenipg e theyptbemiwootaghsarerforraed pams kens graaps, Hho sepang taskprvalges and
20 43b and back is 2AT. The length of each successive group is then nade
equal comsetvingz sptimabthrévphpul Fhert avobednhsitupti@cedhang itgrasesiesiféetol pngtplanef
group 43c is made equal to the sumof the Iengths groups 43a and 43b. The
t r ansintirrbt HEtht REMugdle PLOWER GRUR 4B UghstoT tho Biougad efREelnght 4ack dnslighback
is 4AT as desired. The remaining | engths are chosen accordingly so that

i ght LAY MR - - L n.and a
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twp t %3 Iﬁgclp G fuogrl.la g l% S, t eaclcEe)r.?l% 1 ;t?lgsr,) e l%H%aﬁg (f’e%g% E%ﬁ%é@px%g:}égsseintso V%%t be

conservi ng optical  throughpu ave béen situa

desired tg pyt a plane mrror in the conjugate plane next he | eft-hand
| ens es‘?“e'e H¥ rgmrawqu I Blopeskae Pyttt Bﬂse Rmﬁéﬁsgﬁg ﬁe“Q?rﬁ@’SéV’é‘E sl Poioumep b
desirable to have all the light that comes through the center-imaging |ens
to 5 geropwbikhadnnolgtingtthrafocpldargth vHthgdeismand ks ppiegual g the| distancy o dhat éans i n
each group is chosen so that when the plane mrror is placed next to it,

it thé&om thageser leas. c §ht dgnslaad plananorrot sehbinatidn wilhigare heoca dagrpbi isdiethe by
letting the focal length of the left-hand | ens be equal to the distance of

that t&f&-tofiE@RhANRNE 8REBEe hNSere 198 h@RFicAN6h Bf an® i thoedELMPimatdnen W | |
have a focal length of half the center-to-left hand | ens di stance and

t h@r € .n§ afk géH Inll io?x{b fem’séiv@s(.) A "Eﬁert\% (ﬁd&%%d%n h’l@ ehiBh o:l:Qhe! Rl are
BRE e oo B

i ndeed | mag onto enselves. Another way of considerin e operation of

the left- hand |l ens arises. because.its focal point i$ on the ter-imgin
| ens. Eﬁ;}ﬁlelqnéf@_s%ﬁacalu&%éts focal "point is on tf;e centeplmaglng Ten?. II'Qe 1SEHand 1eng 29! N9

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

15  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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collimates light |eaving any point on the center-imaging lens. It is stil
collimted after being reflected by the plane mrror so upon return it is
ref ocused by the left-hand | ens back onto the center-inaging |lens. The

| ef t - han Ls in actuality a field I ens placed next to Q4R 15
conjugatgvéﬁgﬁg??Since it is next to the conjugate plane ifeﬁggs ng aff ect

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
al | tgreup isghen eoltisnatadgbt the lefe mard lansagd mefodused by fthe nighighandplensedf the mexicent er
imaging lens of the proceeding group. To do this, the center |ens of one

gr oupgréamone tiedtatet Badin@@as of the hextZQowe rTiete Isens ‘neifot heepioc dedirngensens.
This can be acconplished by properly choosing the right hand |ens of the

gr oupinSfe hﬁ‘?grodﬁh% cEONRLBRE Bi I:rbnwﬂ'ﬁlelc@fxﬁ‘al haRginkaBss &f the TRstRre&E diangh

group, the sired imaging is produced. This can be acconplished by making

the ft%%s%lt e?nﬂgé}ng 801& gox{sl g venﬂéﬂ?g&tg%ﬁpgq{ﬂ%ﬁgg otnn)e ndI kA0 ?u(#?et n the

ri ght ens e céen foca poi nt e right

hand | ens nter |l.ens ht | eavi a nt_on the cente Iens
o orBds N G Ag e PesEruEnn P S s Gr g el ken BOPITeRE 28 bEFVEREed of
hand | ens and refocused by the right hand | ens of the next . group onto the
cent eif Meragiclys laemdesiredt wigh meote ggPURIANd THEeeATS BRERIIYY MIERPH 415 he
first lens in the first group inages Mrrors E or F onto the central

i magi svgjugereplapks.t he first group. Wth these three inmaging conditions, a
gi ven conjugate plane is inmged onto the next conjugate plane 5 and no

light is liastsyétbhfddhsapensudlicngatiotlytkihowa ant éensi tragi the sdgamses]. mifloes @@nocess
can be extended if nore delays are desired with nore groups and nore areas

on ALBﬁtlohﬁnybMerp[aQEd Wlthaé}gmﬁéssthatc@ﬂké—igﬁa%%@le%%& arldpads SYIS6tBERs Ofuch @8 %
grOUpS al ternati vel Yy known as a lens train e segnent ed mrrors can

ST A I S R

the elpgxgad cg:nelltsl Wa\EeIi]C?lgtcllel SXe cou ear tluga Faser to 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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depend on its wavel ength. One could use a tunable |laser to programin the
del ay by changing the wavel ength of the device. Such a cell would not
require a spatial |ight nodulator or a dual Wite <cell, just a single
VWhite cel i he lens train in place of Mrror A, where ed to
be. Ther e‘bg\ﬂé}lgﬁz er approaches that use tunable lasers to r#aég%d%%luay%/ o]
wavel ength. In one 15 such approach light is projected down a fiber
containing Bragg gratings tuned for different wavel engths. Dependi ng on

t he wat@mplymakiog angles bea avitiathe sun@earihe elements ghtmaedudate tie dimationt bthe
fiber a different distance to the correct wavel ength-specific grating,
passi ngfletiedlight Bl thangimgohbénput giimtiictgs, omndf get sutpef diewtionks. bacioes fit bpabl e
| aser or wavel ength-altering el ement nmay be required for each antenna

el emenindividuairSagd RRNA3E N The QirfetlRf BhARNA Y tahSforeYintSars Bablidke bhbL by
nodul ator (DVD) 1s also used in the present invention. The DVD has 't he
pot ent s:al .. i i L i : . . But
e ol sarioaRe (R AGE R BIER ap BBITPE AReBR| g SRR R i ! ¢
a plxilated atial |ight nod tor. That is, the reflecting surface is
i 1 detrS i PREETuana g APeR ol hiecatef b e roBse it o
surface that can be independent|ly rotated to two positions, for 34 WO

01/ 149‘?@“?@#@3@@8%6‘1’6@%@@%&“ ng angles of 10 with the surface. The
el ements can nodul ate the direction of the reflected |ight by changing the
i nput di r ecimagmetaocwribroggh theo DM putfach, mdete hagndividueloesrared snige elements

i ndi vidual image elenment. The direction change can be transfornmed into an

anpl i tardeharargendite réthted il bn@dirdtion otht eghafing nghbr élbrhentg h @B otHee pbddibee Or
directing it to something blocking it. Pulsing 5 the mrror between

t iibdctiog igh , n i ic
ransngitdcting ?H@m-%'lé?“éf‘é‘ﬁt E%ﬁﬁﬁ g%téens_gl t:i}f‘%\% el‘.:znﬁ]é tag¥i és"k%rlhﬁyif‘gh'i ﬁ?ﬂﬁﬂﬁ@rwﬁﬁn

al so change the average observe magi ne a cut” throug e DVD

7 olht o P PBRE ohFAMEL S reied ERAT AERG P FLFBRan il | TP ROeB AamaEe
possible direction. The angle, B; of tip is 100 on presently avail able
devi cedements pipix¢lp gtet cuirrgoilyl equareydidpa on a side with a spacing of 17, between centers.
There is a hole in the center of each image element roughly 6m 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 mirror 47 as shown in Figure 19a. The intersection of the mirror surface with the x - z plane
makes an angle o 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 resuit 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.
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10 to the plane of the DMD is reflected froma given i mage el enent at 200.
The reflective image elenents or pixels are currently square, 16/umon a
side with a spacing of 17, um between centers. There is a hole in the
center of ge el ement roughly 64umin dianeter. The Jpixgl ate
about a dlg%gﬁghgaThe | i ght incident perpendicular to the paperolﬁng391
reflected in the x direction. The DMD presents an |nterest|ng pattern on
reflection._To see this, conpare it at mrror 4 aﬁhqmm in

Fi gure 19a.Therachthitdheeemerin oﬁwetDMDrﬁ)Or I?‘Br“%ﬁ Pf‘%&%mwuf”?ﬁ s makes ibeFfe
makes an angle a with the x-axis. A plane wave travelling in the z

di r ectdifficulirat 8mes & imdgs thoDMInin reflsctedight Bep dfficultiias phovyroin, Figwrd 268 s to
the lower left. This is in the near field of the mirror. A continuous

r ef | ecDBID v \aefiicolett i amtthalyy Akmmexpat tvdl. a Beans ifcber ithegrightpTha ecfivated light liect ed
off the DWMD 48, as shown in Figure 19b, the inmage elenent mrror surfaces
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surfaces do not forma continuous surface as in the case of the extended
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perpendicular to the direction of propagation of the reflecte ight. 35 WO
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one continuous surface nakes it nore difficult at tines to i mage the DVD

i n r efdiregtierdof firgpetgatidine difficulty is shown in Figure 20a. A DWVD 49 at the
left is normally illum nated with a beamfromthe right. The reflected
light is ilnagetirestiého®thk ¢iabt Wwéte riNerdeliab ak hebobjcizht (i dirEOMOY 49 hxeani diglye
plane is perpendicular to the 5 direction of propagation of the Iight
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however, it may be necessary to have light approaching the SLM from both 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 p;. The 3x3 ray matrix for the DMD whose mirror elements are tipped by =6 is given by
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If the direction of the light 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
Figure 20b, then there would be no problem That is the way projectors

using th BMP rate. For application in a Wite cell, h i.t.my be
necessarﬁw 0 %%@Z | i ght approaching the SLM from bot h diregﬁﬁéﬁéqa%ﬁé way

to renedy the problemof the object plane and i nage pl ane not bei ng
perpendicular to the direction of propagation is to use an associ ated prism
t o chahlfe firsieofdibe dbrgeolinear pguations Hemesaniedrby the matrigguaivn shows| thahiupen ed
with light normal to its surface as before, and a prismis placed in the

r ef | ecte8ectivaathe pdsitonipf the trayoresnadmsconbtentaangl tbs saond hisegyraqeatidrastewsakat the
adjusted to renove the angular offset of the DVMD. The lens is then used in
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To do this, aray matrix description is utilized. Aray with slope po

i nci deny, . WL T ixel e the pixel wth 20 sl opepi. The 3x3
ray na?é?%ﬁPg?ﬁ%Eéﬁ%ifﬁééggégHi% %%%gpenents are tipped by Gs given by yll
0 QY. p~0 1 26pn 10 0 11 36 WO 01/14924 PCT/US00/ 23361 The first of the
three |ineay equations represented by the matri x equati on shows that upon
reflection [the posi®ion Gf fke|ray remains constant and the second |inear

equation shows tihatot hg— 174 Ppe| changes direction by 20. Sinilarly, it has
been shown t? t for the prigmihe ray matrix for a prismof small angle a
and index nt rs vé&n bf 5 Oyo 00(n-1)apo 0011

Return to the situation in Figure 6 where a DMD is on the left so that the light is reflected
upward, translates a distance 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,

1 d +26d Vo
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,; = 2d8 in translating a distance d. To compensate for this, set
Yi=yr-y¢=y2-26d. 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 4.
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Return to the situation in Figure 6 where a DMD is on the left so that the
light is reflected upward, translates a distance d and passes through the
prism The effect of the angle on the DVMD 10 can be cancelled. To find the

conditio iply the matrices for the DVD, the transl aty he
prisn1an3§38g2% kthat t he product be equivalent to that fofkﬂﬁgﬁpggﬁglation

by itself. Thus, vy, 1001 d0100y A=00- (n-1)a0100 1+ 20 p,,
1001001001115 1 d+2Wyo 0 1 20-(n-1)ap" 002111t is seen
by taking the product that the angular offset of the DMD is cancelled if a
=20/ (n{h] [TheZhoOnfgontal axis is then translated upward in the y
direction ﬁh Jigst ang §¥d = +2d0. The axis 1is selected by choosing for

the positi n |q?aé [‘ope yo = 0 and po = 0. Using these in the 20
[

previ ous e i lnd the output position is y, = +2d0. This is
reasonabl e because the axis has been raised by a distance yd = 2d0 in
transl ating a distance d. To conpensate for this, set y- y2 Ya y2-20d.
Thiss aftfuscwith ghg yedefined eyis|the@rism edrepembdcenisglyafor die amiidar deflgrtion of thse
following matrix equation. Note that the equation has the formof a sinple
trans|laMbDon by a distance d. 37 WO 01/14924 PCT/US00/23361 1 d O yo 010
po 00115 Thus, with the redefined axis the prism conpensates nicely
for the angueaguidalhest irmedl WhRe PR with unequal 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 /1 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 £; 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 f;, f,
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 f;

and the radius of curvature of Spherical Mirror D chosen so that its center of curvature is on Lens

25  fa. Asaresult, light coming from the DMD is imaged by Lens f; onto Lens /i, then re-imaged by
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The equival ent of the Dual Wite Cell with unequal arms using the DMD is
shown in Figure 7. There the DVD 31 is at the left and to the right of the
DMD are lens J1 36 and spherical Mrror C 35. There are two paths,

dependi ngyyhehkgs a given pixel reflects light up or 10 dower @bhridspht
refl ected g‘a wards there are prismPl 37, lens J2 38 and Sphenca% Mrror

B 39. For light reflected upward, there are PrismP2 32, lens f'2 33 and
Mrror M 34. The prisns counteract the angular effects of the DVD as

descr i SpbgricabMirms DyRack eqnio dieng gnand iimaged Prd ensi/vbagks gnivy itsddh@b treamired. and
the Iight- conserving conditions, it is sinpler to consider the

| i ght -lopunesdanily ngjineeothei centen sf Eimvsture dh8phdrighlt Mimorsikesvom fennfidittis dmsgedrtey t hat
Spherical Mrrors B, 15 C, and M be i maged onto each other and no light is

| ost danbg catothedNDaseedusledes of Mrrors B, Cor M This is acconplished
by placing Mrrors B, C, and Min the focal planes of Lenses f2, f1, and

f2 respectipy %bé’ratlgrhqlgﬁUEGfQéSQB%nQBn Mﬂu’f Qéﬁcégbel@ﬁv tHQQmM 2t Fon ﬂ'llacb%?s eS0
that in conjunction | enses f2 , the DMD is i maged back onto

itgel f , [,0rs

5, 5 SRt RRsRg Eea BN ip FEAG a’% #ﬁ%%&?ﬁ%%ﬂfn@h% o TrallfeC <

t he e vaI of t cel | ure 3 wth equal The 1ight can
go 11 etk popefico, %ﬁm m@féﬁﬁm SBriret PF BV (1 Uiy PG PORR i
back dependl ng on the state of a given p| xel . The DND deci des between the
two pakli§sivmh teanydipsaist the dight topenhstieal Misport3 ReViDMDImAgesi 1hBackotadthe DBAB, Thens f 3
can be chosen to image the DVD onto Lens f4 and the radius of curvature of
Spher ilight isMomransibereth osen'"is thet umatt’. iThs chandsanf tipfofche DMIdtedirst anligle nsthe25

f4. As a result, light comng fromthe DVD is imged by Lens f3 onto Lens

f4, thaor bathiof8greicayMaBor\Va Mi/chdOASIREHtAISA 023361 tSpBesiCaith M SpHReFicd) back
onto Lens f4 and imaged by Lens f back onto itself as required.

Eqyi vali#Rk BY and bAGEto M &3t & caf beCdppY Rl £iroh (RPRSEY GRhwiMnITilre 17l 887N

Lens f4, it is imaged by Lens f onto the DVD as redquired. |In operation,
I ght tﬁ;eolgﬁ%ounceforfP gfal?e?lcélr}&%or%g hg%ggt go%\sNtot @ﬁercalterrl’br%@tand &M pltxtc]F on t'"I'Ilt si de

DMD which is in the "up” position and directs the light out of the cell.
The distance from the DMD to the lenses f;, f;, and f-» is designated d,, and the focal
lengths of Lenses fj, f5, and /% can be taken to be equal. Starting from the turning mirror pixel,
15  light travels a distance 4(d, + f}) 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, + 1) 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;) + 8f;. 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/c){4(do + /1) + (m-m2)&(do + /1) + moA(do + 1 + 2 f4)) + 2(do + 1 + 2 )} = To + mAT

where the constant part, 7,,and the adjustable part, AT are given by

39



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 inmages it onto a pixel in the "up"” position. The pixel then directs

the |ightw@/pegrical Mrror 35 which images it back to tperNe23EEE
light is now considered to be "in the unit". The choices of tip of the DWVD

to direct to light to the short path 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 t doF (HiXE(dogiy 1t h8 /s DRB(GTILN is in the "up" position and directs the
| ight out of the cell. The distance fromthe DVD to the lenses fl, f2, and
f2 is designated do, and the focal |engths of Lenses f , f2, and f2 can be
taken to be equal. Starting fromthe turning mrror pixel, 15 |ight
travel s a7tk gl/@8eerA(d0 + fl) to Spherical Mrror B and back and then to
Spherical Mrror C and back to get "into the systen. The |light can go
either to Mrror B and back and to Mrror C and back, a distance of 4(d" +
fl) or it can go to Mrror D and back and then to Mrror C and back, a

it ang ghe 400, D B, oyt the, syst emthe |1 ghi_goes to Mrror D

and to eturning p + 8f4. Then if there are
i n bounces,_n2 of which are switched to 20 Mrror_D, the expression for
the transitIif§ h’éaﬁyh%%ﬁ%@ T & fonsidered pextoyith @yxiligry)mirqrg apdhp)means fof ) +
m4(do + f + 2f4)) + 2(d0 + f + 2f4)1 = T. + nROT where the constant part,
To, and-X{sdingadistances| Ehpequivalent of Fegugg § evittbihe Joxiligryomirmote Bshpem/inSo0re 3361
Ta=(1/c)(6(do+f)+8f 4+mi(do+f)) AT = (1 /c)8nR f4 5 The tinme increnent is
(1/ c) 8igurk 8 iaxdelritdaefr@n altecequit]l ahodetianadeasitbefeddD. The differange is elat Spherfdapur e
5 is considered next, with auxiliary mrrors and a neans for
10 Mirrors B and M have been realigned so that the DMD is imaged onto the auxiliary mirrors rather
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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extendi ng di stances. The equivalent of Figure 5 with the auxiliary mrrors
is showmn in Figure 8. Figure 8 is derived fromthe equal armcell nade
with the DMD. The difference is that Spherical 10 Mrrors B and M have been
real i gnedyg§@1/4493§ the DVMD is imaged onto the auxiliary lepgﬁﬁmbﬁkﬁef t han
back onto itself. The transition to DVD based optics has been nade.

that remains is to add the either the glass bl ocks or the optical

wavegui rea of AUX|I|ary M r an then _be_divided intqg

Strips %AE%}:}% wfwff} P50y B FRRST B RS MR T b1 BE dfeRiiann theprdorgy ass
bl ocks or the | ens waveguide. In Figure 11, Auxiliary Mrror Il has been

r enov €@ liitithe dnyeatienionls apindicatadebyche peone of ths claves pachequirleuihareof. The
operation is the sane 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 nay practice
t he invention. Having shown and described preferred enbodi ments of the
present invention, it will be within the ability of one of ordinary skil
inthe art to make alterations or nodifications to the present invention,
such as through the substitution of equivalent nmaterials or structural
arrangenments, or through the use of equival ent process steps, so as to be
able to practice the present invention wthout departing fromits spirit
as reflected in the appended clains, the text 40 WO 01/ 14924 PCT/ US00/ 23361
and teachi ng of which are hereby incorporated by reference herein. It is
the intention, therefore, to limt the invention only as indicated by the
scope of the clainms and equivalents thereof. 41 WO 01/14924 PCT/ US00/ 23361
What is clainmed is: 1. An apparatus for optically generating tinme delays in
signal s conprising:
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(a) an input light source, said input |ight source adapted to generate at

| east one individual light beamfromat |east one direction; 5 (b) an
input mrror adapted to reflect said at | east one individual |ight beam

(c) a pl uyddihiye2ef optical elenments configured so as to defgdgugpophigial ity
of possible light paths for each said |ight beamreflected by said input
mrror; (d) at |east one refocusing optical elenent adapted to restrict the
di vergence of a light beamdiverted by said optical elenents through at

| east tigflagagdds] i ght paths; 10 (e) a spatial |ight nodul ator adapted to
select a path fromanong said |light paths for each pass of a said |ight
beam t hr dugippsraiud fapiptically generating sime(delayaim wgrapaompprrsing: adapted to refl ect
each said |ight beamenerging fromsaid optical elenents; and (g) at |east
one recei vi(agatiRpuckgadapte daiddnpr dighvduttedagled togdenetnenim leat becihddidul sai d
15 output mrror and determne the delay in the Iight beam 2. An apparatus

according to ﬁ%ﬁ%@hﬁf%ﬁ@&ghﬁngﬁéguaﬂbhca| device is adapted to generate an
array of Ilgh beans. 3. An apparatus according to claim1l wherein said

| ngut m rr l% ﬁ-li idEptFélto fefleARRA' ?{e‘é& oﬂ@ QHH&J %ﬂt ﬁéa’% m1 wherein

said plurali enents IS se ected e dgroup
consisting o rrors | en ra and r|s n_appar
accor di ng ﬁS)ﬁp rﬂﬁiqﬁﬁg?ﬁiﬁ %ﬁ?gﬂ?dﬁPFF @Baﬁfhg?gﬁl pogﬁﬂﬁign
appar at us accordlng toclaim1l addltlonall conprising at |east one system
of wavegui despat %gﬁéaﬁhvéﬁﬂﬂﬂé§mﬁﬂﬁb$@éb§ﬁ@ﬁIW%QP“FHQ | engths of a
plurality of said light paths may be varied in a fixed space conprising a
subset of dd) at legitiopalrefocenmnbptical 2len®n0 2daptgdw RUTICUSGOANEGBACcE70T Atight
apparatus according to claim1l wherein said spatial |ight nodul ator
consi sts of abeam diverted by said optical elements through at least one of said light paths;
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.

8]

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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pol ari zi ng spatial |ight nodul ator adapted to change the polarization of a
said light beam directed to said spatial light nodulator. 8. An apparatus
according to claim7 additionally conprising a beamsplitting device

adapt ed twoobi4dhd ect a said |ight beans al ong a said |ight ppaiRosieRendi ng
on the polarization of the |light beam 9. An apparatus according to claim

1 wherein said spatial | i ght nodul at or consi sts of a defornable mrror
deV|ce spatial |ight q@?u atgn a ag%ed to Eeflectl ht beaniio at
| east 'orfé® FPPEAMS Hicardng {9 m {ghpersin sud spguplie %ﬂnseiap & ly

generat i time delays in signals, said nmethod comp r|5|ng the steps of. a)
nodul at iwga%ma pRstial gigtnlapddmoes agdaptehie CHINZBSRPPORIZHINSPIg S3idi legfmbrem@ai
beam t hrough an apparatus for optically generating tine delays, said

appar at ulirecedpo sasd ppatial lightamodutgsert nirror adapted to reflect said optica
beam 15 (ii) a pIuraIity of optical elenents configured so as to define a

plura |t SSIb|e ht. paths.for, said.o fl.ect said
Piput S 49 el feposing tblgimb e iiordl 3Pmgr Bk p i 3P Eon Seufs st

restrict the diver ence of said tical beam diverted by said op tica

el ement SRt HSgA Leht beaas along dofaid 5%‘ Pty Hepenginenn tfmc)(l%rv)atlan §§&ﬁ laght| i ght
nodul at or adapted to select a path fromanong said |ight paths for each
pass of bsaimd optical beamthrough said optical elenents; and (v) an output
mrror adapted to reflect said optical beam energing fromsaid set of

opti cgl enen and 43 g%/l PCT/ US00/ 233 C converti said
opt i Cg] Igéa aaﬁ? %ﬁlg naCS?thdB@t 1g| f' g’erem sa1(§ at2 a“)I I6 g]ht i)noglﬂ\a\{%r consists ofn g
deformable 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:

1) an input mirror adapted to reflect said optical beam;

15 (ii) 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

43



11. A method according to claim 10 additionally conprising the step of
adjusting said input mrror to appropriately direct said optical beaminto
sai d set of opti cal elements. 12. A nmethod according to claim 10

addi tionalhy er sing the step of adjusting said output ScHvdodhsds
appropri at eI y ect said optical beamenerging fromsaid set of optical

elements. 13. A nethod according to claim10 additionally conprising the
step of receiving said optical beamreflected by said output mrror and
det er mi né)ngovaiandeting said gptical bearhochnavepHsiengl- t o cl ai m 10 wherein said
apparatus additionally conprises at |east one system of wavegui des. said
wav eguildasmettiaptaecordinghot diditn 1 hedditiogilhs cahpasipd treabtep wi eidjusangl saidOinputght
paths may be varied in a fixed space conprising a subset of said optical

el ement Smirdd-to éﬁpﬁpﬁﬁé@dﬁéc@ﬁﬁwpﬁbﬂ%em ifloaiaid skDoMdpticaliclersaitgd spatial |ight
nodul at or consists of a polarizing spatial Iight nodul ator adapted to

change the polarization of a said optical beam directed to said spatl al

| i ght 12pdunethod acamdingrio sfaimr Kt eddivenadly diomprisingcthaisipP19f adieRting said pytput
conprising a beamsplitting device adapted 15 to direct a said optical
beam al omgra tsapptoptigblly dpattsadepeinalibegmemergiog fromasaidzset POEPth] ¢ltmentppt i cal
beam 17. An apparatus according to claim10 wherein said spati al 1ight
nodul SI sts a efor rror_devi CE% atl

ndapt ad- BB aesording  aTape 0L SRy amars e dfe S8 ol Hoser i ol sl

of light paths. 44
beam reflected by said output mirror and determining said delay.

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.



