WO 01/ 14924 PCTI USOQ 23361 DEVI CE FOR PRODUCI NG OPTI CALLY CONTROLLED

| NCREMENTAL Tl ME DELAYS TECHN CAL FI ELD OF THE | NVENTI ON The present
invention is in the field of tinme delay devices, such as those that nmay be
used 5 for trol of phased-array radars, comrunicat| ens
correl ators“;ogﬁ ND OF THE | NVENTI ON Thi s i nvention rek%?’gg%?%“l
apparatus for producing true-tinme delay devices, such as those wuseful in
the control of phased array radars. It is desirable to use a systemthat
produces signal s t DEVIGE{ROR PRODUCING QPTICARL. YeCOMNIROLBEDeach of a
plurality of el ectronagnet i INCREMENTAL FEMISDELAYSe|l ayi ng each of themin
time by sone tinme increnent. The delay in each signal should be capable of

bei ng controll ed i ndependBCHNICAL HiBD OFTEHE SNUBENTION Phased array radars
have the advantage that the radar beans can be steered electronically by

changi ng t he THe3$@elinvehfidn 1 inthe Fib18 of tifhe Welay dekices Aslclpys thbe thatehayibe usdd
el ements of the array. Oten, this is acconplished by controlling the

phases of g b2 cﬁhtﬂﬂ%fgnam:ia ?lcxdraﬁ doREmafidaBvn §/sRAB Yreomdl@toshi s procedure

i ntroduces undesirable squint if very short pulses or broad bandwi dths are
required. True time delay %Aégggombpﬁrﬁ%gm gmbq\ol ling the el enments

W t hout squint even with ectronical l y I npl enenti ng
ltgﬁgt [gﬁg{ LgEﬂ?seint%&x%oh%l $'fo V@bﬁmk ol ﬁ&&uc&g'o%@%gfé‘&éfaf&ev u%egs‘r’tg&%r many
expen5|v 2( bul iL.tive. e Ion hs are
conpar at PSF! tg%i ﬁgfmgﬁ“@ %IIFV WE{%(S?'IF%’ assﬁf"& gcggflgﬁa&sh@ans of
obt ai nin the beam agility of arra m; conbi.ned wi .de handw dt h.
Appr oac hg%“ trpl,the ting of thegemission %{ﬁ?/}t‘ (9’¥ M‘Wt‘lr)p)ﬁl%g"?ﬁ%&ﬁﬁvgé on irg8% usi ng
fibers and t hose using |ong free-space, paths. flber ﬁlp glﬁihes use

mul t 1 ededayingcgach oém%rvegmﬁbym@ammewemr |Em %5 ¥ Bsat hs
at once. Wavel engt h-di vision-nultiplexing 25 schenes have recently been

devel opetapghile Qfsl@lltsfmm@@ﬂ irdependerdly of the gther signals. space syst ems have

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.

16  This pﬁcedme 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 us'ing 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



f WD 01/14924 PCT/ US00/ 23361 also used multiple optical switches for

swi tching the beans between sequential optical paths. These optical
switches are usually liquid-crystal based. It is therefore an object of the
current invention to create a device for optically generaf] ﬁe%%xe time
del ays tW£01(1§”I‘nexpensi ve, is conpact in design, and is 0 tly
tenperature 5 insensitive. Although described with respect to the field of
phased-array radars, it will be appreciated that simlar advantages of

opt i calsd Yised mdltipiengpticaluswitchessfosl sivitglsing alse beainls txswesn fsequeatial coptiea) eqmthsmay
obtain in other applications of the present invention. Such advantages may
beconrhese RficD switches &8 asw@ily Ggeideeysial based.! in the art in |ight of the
present disclosure or through practice of the 10 invention. SUMVARY OF THE

- I NVENTI ON_jERemerefss it obhjéo 8fthie @rrér Ghvedisn foi cidatciedevice donvopticallyegetlerating del ay
systens. The invention also includes machines and instrunments using those

aspeChge Ymd B&aysiaNtid %x?e-ﬁgfve,i RV Edthpden inRsigs] Lénxg nﬂta esuﬁi&&tl&%ﬂn?&"aﬁﬁ@,

repair, or retrofit existling nmachines or ins s, using nmethods and 15
cogpogggkﬁPknomn in the art. The present invention conprises a true tine
devi ce falls into the free-space category but uses a multiple-pass

optical cell,w refocusin L LT SRl AR M4 di N
bgam'spreaﬁ*thﬂlgb%%ﬁn%?é‘"ﬁ#ﬁﬁgg&g%pﬁgﬁlhIag*’lﬁggdrs's rom ﬁ?%lﬁggg ree-spacg
approgches .in that it_. uses onLvy.one optjcal sw ' I ght

rrggu I gl"ﬁ)?"‘ﬁ"ﬁ%?‘é@’lfa%ﬁs of priicgily PFBF%‘%&?W&'E’@% 8’13%?? ’ Agé%eﬁl q’i 8&‘5?@%%??1@ appr oach
the m crowave signal  for_each anfenna el erﬁa%jté( be dul at ed oreto an

opt i .c 8btaindn ethepannlipations of the PreseR mvension; Suf ﬁﬂggéﬁp‘é‘y g§ﬁ°§§?eaapﬂ§°‘t %e desired
amount of time, the signals nmay then b g)gwn-c nverted.to Ju crowave

si gnalose @ﬁﬁfdmtsh’é‘rmﬁﬁc%'é&é‘%f%?mr%seﬁ‘ﬁﬁ ure °Fr§"‘§° PEASHEF 9519% t her t he

transmt or the receive node of the phased array radar. 2
10 invention. o

SUMMARY OF THE INVENTION

The present invention includes time delay devices and time delay systems. The invention
- also includes machines and ins1mmenfs using those aspects of the invention. The invention may
. alsobe used.to upgrade, repair, or retrofit existing machines or instruments, using methods and
16  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 miqrowave signals for further processing. This proéess

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



I A WD01/ 14924 PC T/USQQ 23361 In broadest termnms, the device for
produci ng optically-controlled incremental time delays of the present

i nvention conprises: (1) an input device selected fromthe group conprising
l'i ght souraff adagted to generate individual |ight beans or arrays of

| i ght beans e or several directions, (2) an adjust BG/ES t mirror
capabl e of reflecting light fromthe input device in 5 different

directions, (3) a set of optical elenents selected fromthe group

consi sting ofin Bosdesttérms, the Bevice fof prodiirg optichlip+cofitiallef lieedibnialtife delays of
configuration so as to define a nultitude of |light paths for each |ight
beam fr qa hRgent Bﬂuﬁuoﬂ%n@ﬁsésetﬂ)%tlﬁﬂn %vib@?el@&édlﬁ&ﬂhh@gﬂoﬁp%mﬁdiﬂ hight (4) at

| east one refocusing elenment to restrict the divergence of a |ight beam

di ver t edohabOusedto gem{e iiGided 1ig ralds%%r%atog%gm(@meﬁ% deadr édegﬂeach

nmodul ator a apt d to select a pat om anon e l1ght s for

Phe. i npuitiditoh 1@ iﬁ%&%‘:ﬁ“{'ﬁ%'ﬂfﬁ&e@%@g el e e o “E‘“tﬁ“% B cam:
Capal o SFEPEdpER h :33& SERE oL Fe P %%aﬁflﬁw% G g°|i8té'&” i Cel
Ci'me. dolgipes dje %ﬁﬁ o e pced s Bt 5 cgecte f e & ialed B

system of optical transm ssiqn |ines or V\@ée ui d@ wher ei n She Iengt hs of
the Iigifech ﬁ Seap froprethe pnug deviee tetlectsdk a% © IPHE IO 6t least SBpset of
the optical el errents The spatial |ight nodul ator consi st of a

pol ar i ziteigeusingtelament togmmctrfgﬁ@mr arce ahe lightdbeam 6&‘@“@41%“‘13’61‘ &t leash opeoef the

i ndi vidual |ight beans directed to the spatial light nodulator. The use of
a pol ar ilightppthsp€) izaspatial Gght mashlaraxtadaptad-terselaetya padyfivm among thedight paths fof a 20
beam splitting device that can direct |ight beans through the system of

opt i al eatlepasnthsovigh thenset of qyitiealchleneentsi oflas inttividwadl light beamtftom the linput devideon of
the Iight beans after passing through the polarizing spatial |ight

nmodul at q6) anldueputifirrsradamesd tolréftucihé liglelbgamhserhargiag fromi the seref bichlcddments,
deformable mrror device spatial |ight nodul ator capable of reflecting the
| nfll Vi Flaﬂhﬂ])lag'wel\lﬂfgadﬁice lc#ipaBlel of redbénditigt el defags in! thelight Yetad refleviedibyghd he
optical pa

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 muitiple directions, thereby determining the optical path.
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3 WO 01/14924 PCT/ US00/ 23361 The |ight sources adapted to generate

i ndi vidual |ight beans or arrays of |ight beans from one or severa
directions may include such devices as lasers, arc |lanps, and |ight
emtting di The receiving devices capabl e of responding to the del ays
may i ncl u‘gégg&%‘ces such as photodetectors, pin diodes, Pﬁ'ﬁ’&'gm:’aﬂes, and
interferoneters. 5 BRI EF DESCRI PTION OF THE DRAW NGS Figure 1 is a top view
of a standard Wiite cell on which the present invention is based. Figure 2
i s a front Thé kghtbdunees adaptedto génerdieind{véduablight begms ormacraysadfdight bdamsdromd t h one
enbodi ment of the input and output mrrors in accordance with the present

| NVenioh®dr seddalfdirgetions maly Snofude Glichvde@ioesds 1asess, sk ddmps; and-léght emdttiti diodegam
splitter in accordance with one enbodinent of the present invention.

Fi gur erpé redeiving @evivdst¥apable dofd HapominigCto” el deldfie byt iClubé dePio€se Suchr &M t he
spatial light “nodulator to the Wiite cell mrrors vary, in accordance with

one e AdiERrs. Bin -P&s faldes, afly Bftkfefdthetek® Figure 5 is a perspective view
of th?@ﬂaﬁ ar rh(iscec?l W,p({lﬁ a set'm(y gl ass bl ocks and auxiliary mrror in
acgordance wi th one enbodi nent of. the present invention. Figure 5a is

anot her perspective view of the dual armcell in accordance with one

enbodi nent of the pre oo | | ' \ I agram of a Wiite cell
using a deformable m m%@ﬁl&ﬁ ' ) dul ator and an
appropriate, pri.smin accogdanc Lih one e dinent of the present

i nventi on. Fi JuUF B 1op IEW ol 33 R %l%'egr'eﬁ?n\?g}vgw Oﬂﬁﬁsasf“ﬂe
deformabl e_m rror, deyice, caonfigurati.on i n accordan i th one.enmbodi nent
of the preEighe frﬁ/én ‘Hn‘?le‘fgf’@%lg‘"? iof tﬁe BB??Eg‘éh W%aa% %Pn%ﬁ’"gl P nat i ve

cell configuration in accordance with one eg;ogdi ment . of the present
i nventembyadiment 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
iﬁvention. |

15 Figure 5 is a perspective view of thé 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.



4 WD 01114924 PCT/ US00123361 Figure 9 is a side elevational view of a
system of | ens groups in accordance with one enbodinent of the present

i nvention. Figure 10 is another side elevational view of the inage planes
in the optigﬂ }r%nsm' ssion line in accordance with one enbodi nent of the
present | nveM¥#%45 Figure i 1 is a ray diagramfor a sphBFFUSH23361, o
accordance with one enbodi nent of the present invention. Figure 12 is
anot her ray diagram of a spherical mrror/lens systemin accordance with

one enbodi meFigure 9 ishesify elewitibndl W bf 8 Rystérh 0¥ Iédis Eoub$ i adtbRancdf wiRfbik
di stances in accordance with one enbodi nent of the present 10 invention.

Fi gure lé&abddiment ofihe preasi demiond def ormable mrror device in accordance
wi th one enbodinment of the present invention. Figure 14b is another ray

di agram i n acgpiea Wihledsi ghegl : ks .o 15
Figure 15 is ag"?gyﬁ]giﬁaaltlgraml?g{érle‘?ai1 sma:v anfgt?gém%??girahﬁ%ﬁﬁg%:eco rléb\é?é{égr@m&f% one

enbodi mﬁeiﬁ%ﬁgﬁ%ﬂﬁ%teﬂb%ﬁ%{mheefr;le%if{iﬁvejnﬁgni s a di agram show ng spot

| ocati on on a e mrro evi ¢ accordance with one enbodi nent

of thg preseng | miion...Fiquere 16b is another di.agram show spot
Iocatigon on ;ﬁ lﬁgggfﬁsa%fag dmgfa%bfor&esﬁ%ali TRIrTO3 f ageprdanes yuth %eteﬂﬂ’gﬁil‘é’em of
enbodi metrgltF of n%he resent invention. Figure 16c is another di agram show ng
spot | oc PERESIFVE ™98t or nebl e nirror device in accordance with one

enbodi nent of_.t he present invention. Figure 17 is another di agram show ng
spot | ocati orf1@He 12 Hanetheraay diagram ab a spheficel anirrpr/leng Sysiem i acsorgands vifhcone

enbodi nent, of the tgresent. i nvention.
embodiment of the present invention.

Figure 13 is a plot of path distances in accordance with one embodiment of the present
10  invention.
Figure 14a is a ray diagram of a deformable mirror device in accordance with one
embodiment of the present invention.
Figure 14b is another ray diagram in accordance with one embodiment of the present
invention.
15 Figure 15 is a ray diagram for a small angle prism in accordance with one embodiment of
the present invention,
Figure 16a is a diagram showing spot location on a deformable mirror device in
accordance with one embodiment of the present invention.
Figure 16b is another diagram showing spot location on a deformable mirror device in
20  accordance with one embodiment of the present invention.
Figure 16¢c 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.

5



5 WD 01/ 14924 PCT/ US00/ 23361 Figure 18 is another di agram show ng spot -

| ocation on a deformable mrror device in accordance with one enbodi ment of
the present invention. Figure 19a is a diagramof reflected planes in
accordance wi th one enbodi mrent of the present inventi on.(él5 Figure 19b is.
anot her MYA4of reflected planes in accordance with nt of
the present invention. Figure 20a is a diagramof a |light beamincident on.
a DVMD in accordance with one enbodi nent of the present invention. Figure
20b i s anoFigeare 18 Bganatheptiagrat sHowitpesput ilocatioe ob aodefern@hi® mitron devicelimce Wit h
one 10 enbodi ment of the present invention. S WO 01f 14924 PCT/ USOQ 23361

DETAI édarda&GRitiPdhd AhotintdrtoftipresintveddnDl MENT(S) | n accordance with the
foregoing summary, the follow ng presents a detailed description of the

preferred pipardiguista didgridh Of réflétied iphihed P hccbiiafid! Wil bhe/ efibsgimelRrofdhd O be
the best no The present invention is based on the traditional Wite
cell. th eﬁmt]n? a diagramof the 5 path of a |light beam passing through
a Wite ce e cell conprises three identical spherical mrrors, all of
thg same r fi mgn ctddSlant®s i Bdcortignd %&p&eraﬁb%duﬁ the
se?ond 13 gr?l’ll? f%?td& rors & |stance cgquale to their dgan’
curvatﬂ,lrjre eThﬁa1 C gter of curvature 15 of the first mrror Iles on the
cent eff5 BT} eﬁ‘ﬁ Tal aX| s 16 and falls betvveen t he second and th| rd
mrrors. £ seg nda th|r rrors ar eﬂhﬁdt nter of
curvature g aIﬂ?*‘s WPlFtrlberl?'g 'ﬂ% cent er g? v PR 19 of
the third, mrror, 14 Iand on the first mrror, for exarrple an equal

di staﬁW?%ﬁﬁ?frﬁ’éeﬂ'ﬁef‘EﬁYen&?‘?s Li ght fromthe second m' rror is imaged onto

the third mrror, and vice versa, Light, u dpagt 18 in the
pl ane of bHigurs Obtxﬁ@og&ggmgpm[q{@ light beam i mcl ento a m accor ce with one

10  embodiment of the present invention.



fi-rst mrror; the light beamis prepared so that it expands as it goes to
the third mrror. The third mrror refocuses the beamto a point on the
first mrror. The beamis then reflected to and 15 expanded at the second

m, rror ond mrror refocuses the |light beamto a n 17 on the
first mrrS'Ygg Fhi s point, the light may either exit th%@%ﬁ@?‘  he spot

is off the edge of the first mrror, or continue to traverse the cell. The
beam may traverse the ceII a predeterm ned nunber of tines, depending on
the | ocations PETARERDS GCRIPG HE PREFERRED EMBODIMENRS) hird nirrors.

20 The angle of the |nput beam may be control I ed by an input turning mrror
21, as shownniaacordangeiwith the fotegoing ghremeady, thi dolivaming prefpatsr deailed ideschiptidny be
controlled by an output turning mrror 22. Each bounce of a light beamis
shown byf the prefekred 8mbodihér of the ivive@rion that &y Gurreiitly ddasilieredsio beitlie st mddd, There
are multiple |light beans shown. A spatial |ight nodul ator or other

appropri at e TiR\irésent ifRMticd 1 Bhsa loh IR YaditRBAIOWRItd 1. TFigued 11 4 BiBkramAf gRAM Of
light may be reflected off the i nput turning 7 WO 01/14924 / USOQ 23361

MTTer gfahght\'ﬁkhxkg; tetJeﬁV%§€ Hﬁn frfkd th%%txaénnkﬁl gﬁ?ﬁﬂ‘ i s

directed to the out puat turm mrror point 1t may exit the

cel I, igﬁfh’ i aff (gp{%‘@ﬁm nId;; Sotfcmgﬁnfe' /O&ﬂ’%’!ﬁ?& x&u_f}o%ﬁfexs‘égéa}eﬁe&ﬁ&h tﬁeoseﬁo‘lﬂ% 't to

vari abl I catl ons. on 1S to changé the

first ved m,nrr 0_add Iens 27
of ' foca ‘t‘@%dgtﬁmw%*’f Rl e pior e, B Rofter o s b of
equi val gn to the.mrr .epl aces. t,h at mrror epl aced
Wt a B drtdpiet ik on B geeriog of SHE B9 16 it 1S bpLbe g S Biriar o
may be confi gured to rotate the direction of polarization of the reflected
beam byn"f'}T°r‘i%g7§/h aad third girors areralignad p thet the eenterof cpyatyes 20 of thegsecondhen, a
pol ari zi ng beam s I|tter 28 may be added, and the distances to the second
13 &hd mhrord3iapdt mmrocrfscm%éi'aaﬁjthmh@é migrorrd# leng en theafishapirrorhori nput
light may be polarized in the plane of the paper. The beam splitter may
r ef | ect eXamgletanpgiad distapct from the @ppdahands. dagipdrod the beeond mirrdrds jpwpest ontdothe
transmt |ight polarized parallel to the plane of the paper.

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
- 16  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
mirrors.
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



A better photonic device may be inplenented by next adding a fourth 24 and
fifth 25 mrror, where these mrrors are identical but have a focal |ength
different than that of the second 15 and third mrrors. There now exi st
dual cells joined at the beamsplitter. Since the single |l ens 27 can no

| onger sa P@f@/"?‘he focusing conditions for both cells, a 00583364
different focal length may be added to the other output side of the beam
splitter. The focal lengths of the |enses are chosen to conpensate for the
new nimirror irt® deet White celedndamine traeersepthe tcelh iuntilcthe ibeam rim dirbatedotat the pagui f t he

di stances to the fourth and fifth 20 mrrors fromthe beamsplitter are

di f f erteing nifross BOWich poihi igthag exit therell.hi s case the radii of curvature of
the fourth and fifth mrrors will be different. An additional |ens or

| enses may Fipare RdkiRe H Ekvedificasn &the 'Whits é¢li0t it ® VEiabledinte 4BOI Ng. To
| nprove the nunber of potential tine delays, the design of the dual™-armnmed

L, eSS BB R 8 i 5 B O R
added gap bl RhEAYA 24 12, BER 1 Wt B bl ool RofuubBEP Dty | 2V

rmay be ["faced I n pl'ane o e spatra Yat or
Then, g del ay. | t of gl b 30. b
subst i HVHER 3 o oL B e P P Bkl Ba S Ry RAER > The
bl ock ti t he. .sjd t h f t I 41, .
AL or ARy T et ot LR oA Bes ARRAE i heclieof gl s or an

array of fibers. The optical axis is, between the, spatial _|ight nodul ator
and t PPBIWN%{@" Fflerisd beameby; pipely degrges %t?m?fa%a“!fé'@ﬁ Pbeed dhat iy adtivated cover
them __The thicknesses of the glass blocks may be chosen so that the
addi t iTbemia polapiging beam pplitter 38 mey be addied,pad the distances (9 ihasesendddsad thirdddock s
i ncreases as powers of two tinmes the initial thickness. The operation is
cof¥pamaitsprs may herpdjustedl to maindainlimaging. Whe inputrlighp may be pplarized ip plet plade ofi ght
nodul at or 10 enl arged and additional tinme delays due to the addition of the
gl ass the papkrs The beami splitternay tefleat dightr polarizadiincthe plage perpendichds ¢ thetgaperni r r or
device spatial light nodulator 31 is used, a sinple Wiite cell can

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 mimors from the beam splitter are different, as shown in Figure 4. In this case the radii of
curvature of the fourth and fifth mirrors will be different. An additional lens or lenses may be
added between lens 26 and mirror 25a to maintain imaging.
To improve the number of potential time delays, the design of the dual-armed unit of

Figure 3 may be further modified. This configuration is shown in Figure 5. First, auxiliary mirror

8



be- constructed as shown in Figure 6. A prism 32 may be used to direct the

| i ght beam through a focusing lens 33 onto the appropriate mrror 34 off
the optical axis. Figure 7 also shows that 15 another prism 37 may be
introduced to direct light fromthe deformable m.rror device spatial |ight
nodul at or 3WQH8¥Eh a refocusing | ens 38 onto the ot her offCT&ANLAR23MdIrr or 39
I n the dual-arm configuration. Another possible configuration of the dual
armcell is shown in Figure 8. Here, the second and third mrrors of the

first ar b O Bllanéjﬁ‘ﬁnp VAl 35 and 20
third 39ﬂmﬂl%¥%€§ddg§iﬁ§ new con%?%?iﬂ'ﬁgé@ éaféﬁ%ﬁagﬁ’ﬁﬁ%?ﬁ%’wﬁ‘&ﬁs
that co | nd .arm . ord gin devji.ce.gre then replaced by
the. secoRasih s iaB B or Mo Rel el ribeblon et i il gl ey
configuratien. e i ghf beans ounce, frogmthe secopd or third
mrrors ?eg °?ﬂ@ss;[‘?‘?’g’i 34}&%&%5&?&’%&%?@? sqeppd oy mreriAs SS%%H’OIF 1ggre S r d

m rrors,ﬂﬁ\éaéiag%mhge, operation of the original dual-armcell. An

addi ti onal® GHVE on fa%pdes furthestomythe Ieps #1.oAltermntivgly othe glasphlocks

PGI/ US00/ 23361 1ight nodul ator onto an auxiliary mrror 29, and a lens 41
may b® uSRHd beyrep raptical fibers or an pmgy of fiborsy | The opticah axis is bitween thespatiali sm
such as g!‘h?ss bl ocks 30. A prismsuch as 32 and its adjacent |ens such as
33 may blight meduleted and thi auxilary glimor. fhe firstdens 27shas ppanopadedangtrytotcover aliknr
decentered or both. 5 In order to obtain |onger tine delays, it is possible
t o i nt r othecthickndsses f Wigvglaps ibleks mayp bachosewto thae thgl Addiiold] AlideSreqiited 6 £th Shows
such a | ens wavegui de. Three |lenses 42 forma |lens group 43. The |lens

gr oups nieams he go ifrofidhatiecksveOblgcld i6GEAIR asOfiwetAbl W6 BmésOtht GhifiAlaRicRkd. cal
transm ssion line or |ens wavegui de. The light conmes into the optical

t r ansmi sHhedpetatiogisicoMparkbie to hhithFithe GALCIINRM the pRRe of thelsparBPli! gfgto‘ﬁ'! th an
auxiliary mrror plane. At the |eft of each lens 10 group Is an additional
pl anfy COgldgkal shdt SditliRaPith | deBlyy dBR 16 Qe RABRSH of e B, E”@{; i MY
be placed at these conj ugateep anes, aseshown ion Fi 813?%2 i@&t ac ‘ﬁgdﬁég%t of
transpargpkn,iat fibdefthls 4> My have a reflective strip 46 on a portion of its
surface. This permts |ight beans incident on

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
16 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



different areas of the waveguide to propagate through different |engths of
the optical transmssion |ine. 15 Materials and Methods | magi ng

Condi tions. An analytical description of one armof the Wite cell is
presented. The configuration to be described is shovvn |n Figure 3. At the
ri ght of WoHd/1#%24ure, a Wite cell spherical nirror @ml bel ow t he
axis and a Wiite cell mrror C 13 above the axis. The center of curvature
of White cell mirror Bis a distance Si above the optical axis. The center

of 20y ?"ﬁ““%&t A CA‘} m&ﬁm&w%@e&aﬁh 8¢ @ Ld ttnec@humgat To the

left o mrrors 1s lens fl W|thfocal ' ength f
Adj ac @| ﬂEJ] epresented by a cube of gl ass
of si g{e&'ﬁﬁgr %tog?g%a?&e@ Iﬁgﬂgs S?,mnc%?r?)r per pendi cul ar to t he opti cal

o o7 A & B el S5 M A e SR L

operate 0N colt#th ctorfi 01/ 14924 PCT/ USQQO 23361 Y npy where vy,
n, anéFamePE? preecEered i of a ray on the y - z plane. The vector
el ement 5 represents the displ acenent, the ray fromthe, optlcal (z2)

axPs at so‘%’e"r%ltﬁéb'ém Iongen fime delayse il B?Fsﬁbgp‘f’ %‘yﬂ {"@s WRYRRUIdg fn place 1 oy at
that point and nis the refractive index in the region_ The third matrix

el emenf thejglass blogkse dFigvre dcsbpws alichiarlgnsaweyepide: !Bﬁeﬂqneeaﬂzrﬁm 8Aens LD | be

shown later. A simlar analysis could be used with y replaced by x and py
repl addd The lens gfoups ey ther be @liceth alshgts commay optical ieKisxto-fopm naepticals x
ray matrices are used because they will be useful in representing the 10
tilt ecransplissianditle orilens swaseguider cEherlight combesiinte sheaoptical Sransmisdien finerfeom ithe t he
matrix T(d, n), representing a translation through a material of
r ef r agighty Thé DpRX pland W4 3s ebindident withian dukitiagyxinirtor lane.cAi tha left ofleach@ensT(d, n) =
010
10  group is an additional plane conjugate to the auxiliary mirror plane. A transparent material 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

10



0-0 1 15 The second is the matrix L(f) representing a thin |lens of focal
length 1 0 0 L(f)=-11f 1 0 0 0O 1 20 The thin lens matrix is identical
with that of a spherical mrror of focal length f with its center of
curvature |s A last matrix represents a spheric |Ited
so that a I()‘?ntgb romthe intersection of the mrror and tf\chadc})l’%lcaaf axis to
the center of curvature, point CC, nakes an angle O with the optlcal axi s.
A ray cones fromthe lower left with slope p,, reflecting off the mrror at
point P and 25 leaving with slope p,2. Line CCP is drawn from point P

t hrough the denter of curvature. There 11 WO 01/14924 PCT/US00/ 23361 are
two |ines parjglyl gl to the axis, one through the center of curvature and one
t hrough poi nt 5’ Line CCP nakes angle a, with the incom ng ray and angl e
a2 with the reflected ray, as shown in Figure 11. The-center of curvature
I's a distance Sabove the optical axis, and point Pis a distance y above

t he opt i where gixirnsandrpy refer iostha rprejestion alf aviay pai the y G2 planéTh&he vemsreslement §i ve
equations. Since the angle of incidence equals the angle reflection, a, =
ai . Por epmbdntsahrgdigtacament ofjhe ray frotft@e optichl &3 axls prsome valye 6f3). 'Ihé'el%ﬁ:ent\p y'+
Sand S = OR = 29f, where f is the focal length of the mrror. Conbi ni ng

these eoupiekepnahd Slog dfithdWay Gt Bat podd and n iSHRE reffctivl M@K iRY% regiBn. TRV third 9 -
y/f , the equation relating py,, the ray slope before reflectlon of f the

spher i Cahatiik lelegfent 1" hs R, mtreﬁegeaun b Qill?t@d 3pHefiEal fnﬁfrb@ﬁé wﬁn be {Rwh laRRJE 1O
the ray matrix M(f,9 ): -1/f 1

similar analysis could be used with y replaced by x and py replaced by Py 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, ), representing

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

} din O
Td,m=|0 1 0
0 0 1

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

10
Lf)=|-1/f 1
0 0

0
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

"



To use these matrices in practice, one identifies the translations and thin
| enses and 15 mirrors encountered as a ray traverses an optical system and
mul tiplies the associated nmatrices together to represent the effect of the
optical systemon the ray. Call the product matrix S. Then there results a
matrix eq¥R8@#2¢epresenting the ray sl ope-i ndex product FEVONEFhput and
output n,py, and n2py2 and the displacenents of the ray fromthe axis at
the input and output, y, andy2. Y2 v, ABGyY, 20 n2py2 =Sn,py, CDH

n, py, ate tivo)lines parhllelino theraxis; enethicugh hiieceenter il ctrrmueuandospeathioagls poiftOP.
exanple, the first such equation is y2 = Ay, + B nlpy, + G This equation
ni cel y L GOPmakd3 Anglo B4 with ik ntdnidinf rdydnd Bee b With thelRBedt@iidy, 8 ERn fhat 12
~1 WD 01/ 14924 PGI/US00/ 23361 there be inmagi ng between the input and

out put S LS. L X = il ... Ak

ol vi nE R T bl of FRAiute (€4 BUREL: PutionP e Bpta) ok e pBIRER s PR

opti cal S there ate.four require s for proper operation. The first
r equi rgﬁ%e&fe@ppﬁgméspnsﬁn%eev ?@E’&E&‘ggﬁ{:o Mrror Cso that no light wll
be Lost by rays, startjn 5 fromMyrror B and. mssin rror C. To

est 3blish t q‘%ﬂierdéfﬁ'gﬂ‘fmf’% gﬁm‘?ﬁ‘&“@%@ °‘15agi‘g4 %ﬂ&f%&%ﬁ% Gior rays
traversing fromMrror Bto Mrror C It is S(Bc) = 71d, 1)L(fy)T(2d,,

nl ) L( f F)ag( or small angles e @y —(y /R end @ =jpj2 T 0 /RhAlspproprt dtasd det R eeddf,and

mul tiplying the matrices together yields {(1-(d/f,))(l-(2d, /n,

f,)) - ( vhere)ffs thé €dcal ngdth bf (h@-nhickor./ Qomnbitingdlidse bqualiofs tolelinfifeAe I, ay, y', and
~(21F,)(1-[d, In, f,1) (1/f,){d+(2d, /n,)(1-[d/f,])}+(1-[d/f,]) O 0O 1

Th bi 1 gth ' L SefleBttin '
ol erent BVEPL 05 1 81 ) e TR B Sfor tefint Sl L Sed 1o

give t Qﬁeggzﬁ Hil’?(q' \Liﬁxcﬁa‘,i, tljxeergg LlQpJ dHer l'e?lggtioia.l This leads to the ray matrix M (£,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 inirrors encountered as a ray trav-erses 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

mpy; and nypy» and the displacements of the ray from the axis at the input and output, y; and y».

Y2 b4 4 B G| »n
20 np, | =S mp, C D Hinp,
1 1 1 J KN 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



15- There are two solutions: f = d and f = d/ (1 +[nld/dl]). These sol utions
represent symmetric and anti-symetric ray patterns about the SLM In the
first solution a poi nt on Mrror B has an image at infinity which gives an
i mage on Mrror C with a magnification of -1. In the second

poi nt on MWPV1I4R4 55 an i mge on the SLM This also gi ved ?‘.Pspl#é?agl

Mrror Cwith a magnification of +1. The first solution works very ni cely
for this situation. This puts Mrrors B 20 and Cin the focal plane of |ens
fl. The theetbeainaigingi etweznl the snpud afd outpnts planeédhis ahat hat@ ekereédnd 8nrs 0. f That6.
Mrrors E and F are in the focal plane of lens U The second requirenent is

that M riequifenfenedlldwh sbl0ing fargisdesitedaiisiinced dtdbcal kepghd. der i ng requi rement s’
three and four that a point on the SLM be i naged back onto itself through

each cell, tafofefuni@ tiiheofiuhﬂ s&ﬁ&ﬂlm&eaﬂtm&dﬁeﬁe&&fﬁpro‘gébﬁop%»&ﬁbﬁnrh@r&&gﬂ x for
that case is 13 WD 01/ 14924 PGI/ US00/ 23361  gi ven

T(dl, ni )lle(,&&e)n&ﬁs a)awﬁu&aBTmnﬂakaa Mn%r@sa that¥id ﬁggpw Wdodt BF rAB BLAR g' ate

matrices together and putting f, = as required by the first "I magi

e Pro]f%taﬁ%m Sy ¢
'Ehje glph]eéralicglapanﬁ)}' r@gu&t‘, “ga‘g{}’g\tq?‘é‘%r tl\ﬁasr ;é(;(raré{ fsn‘?%?’es @f‘?@’gtloﬁ;
consi derm i Hndde FPRCAdB LA Db e R ra%?%%l@fﬁﬁé%&#'éféﬂiﬂi

fi. The ra | us, of curvature of Mrror Bis 2f and the distance of its
center Yigldsre fromlens f 1 is d - 2f. Then the distance of the I mage
fromthe center of curvature, call it dam is given by |/ddr+1/(d-2J)=1/f
Elimnating,fin these equations and sinmplifying results in d,, = dl/n(.
{(1-d/£)(1-2d, /n, £))-@/£,)} 2{(1-[d/£;])d+d, /n)(1-[d/f,] )} 0
10 Speo = -@2/£)1-[d,/n, £ (/£ d+@d, /n)A-[A/ D} +A-[d/£]) O
0 0 1

The requirement that Mirrors B and C be conjugates then is that matrix element B be zero:
2{(1-[difi] X+ (d/m)(1-[dIAi] )} = 0. This is used to give the desired focal length for lens f).
15  There are two solutions: f; = d and f; = d/(1+[md/d\]). These solutions represent symmetric and
anti-symmetric ray patterns about the SLM. In the first solution a point on Mirror B has an image
at infinity which gives an image on Mirror C with a magnification of -1. In the second solution a
point on Mirror B has an image on the SLM. This also gives an image on Mirror C with a
magnification of +1. The first solution works very nicely for this situation. This puts Mirrors B
20  and C in the focal plane of lens f1. The same analysis applies to Mirrors E 25 and F 24 and lens
£2 26. Mirrors E and F are in the focal plane of lens f2.
The second requirement is that Mirrots 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 f'to be ‘the focal length of mirror B. The system matrix for that case is
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That is, the image of the center of curvature of Mrror B lies on the SLM
surface. The image of the center of curvature of mrror B on the SLM can
be called the center of curvature point. 15 To find out where on the SLM

surface t er of curvature point is |ocated, |ook t
rragnifica‘pﬁgf{ﬂ%ey val ue of the inmage of the center of gﬁ'ﬁ'@%?%’éﬁpoi nt,
call it yam is given by the vy value of the center of curvature itself,
y,,0, times the magnification, or y.=y,,n x magnification = 2f0x (-inmage

di st angieémby 5(-0 MAHLINTENLE R I ) dirtl)./ MultiglyiRg de} appidphiae matiiceVi ous

equation for 2f and sinplifying gives ycc = 61, which has a very nice

| Nt er pjogéthdriafd puttibhg A = & Sreinfired bR MR firiGMagile botRitionlresutemt | on of the opti cal
axis with Mrror B through the center of curvature of Mrror B, then the
intersection of that line, extended if necessary, with lens fl is a

di stance 611 fromihg axis. {heo. hection of that intersection onto the
SLM gi ves the c nt%arfgff‘%ﬂrnﬁlgt@ré%gént. . There is a further

interpretati of N0 erms of doint sowlflces on the SLMthat are imaged back
onto the SLM W\{©0ing the fgrst |inepr equation for the systemmatrix gives
y2 &y, + 2611 14 WO 01/14924 PCl' NSOO 23361 Here, yi is the |ocation of

a_poi Nhes Riighty CUhdiddn iSdiénamd y = izﬁzrimﬂubmf),i ey ef ari3(s 4 pRafR t ehist he

light fromthe source has passed through™lens fl, been reflecteéd o Mrror

B and aﬁgmgg%@ed&hggﬁgqe g’?&fbfc%ljle hfo?hﬁ%pﬁe?icmnﬁ‘aﬁ. rewiting this

equati oh gives IS 1s Interpreted in terns of a
di'st . . il . . ) ¢ 5
poi nt - on Tinestfigy Ak 'sfin? @B o R TR 45 phRle sl oo hingy O
i oot PUTSHES 1P ER e B e i’ Bk Hana B 4 et o PRt eitor sioteoghy y 1
th ' | that 0 = Q.. The . ' ' I t o 2 = Xi. Si
o &l fi” The e et varimthinee B 4 2 Fhe SRSl s of forkings B oL co
obj et ISFEL Bisin Yo ThEh e iAaes IS Fupe® ARTLE RIBHS! RSrey ST ot BNER | To

find the image of a point source on the SLM one can nerely reflect about
the cebt MictH(d-3Fiiat lﬁl)@%qngtf 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, yoco, times the magniﬁcation?, OF Yoi™Yeco X Mmagnification =
2f@x (-image distance/n;)/(object distance) = 2f0 x {-di/(m[d-2f])}. Using a previous equation
for 2f and simplifying gives y,. = &4, 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 f1 is a distance & 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» = -1 + 2&4.
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Increased Delay Tinme Due to 3 ass Blocks. Here is presented an anal ysis of
a dual cell with auxiliary mrrors with glass blocks in front of Auxiliary
Mrror 1. The situation analyzed is 15 shown in Figure 5a. The SLM 12 is
shown, al ogﬂ)%ﬂ& a polarizing beamsplitter 28, lens f2 pé&pajshapsdiii te cell
mrrors (13, Zf 54, 25) and Auxiliary Mrror 129 and a group of gl ass

bl ocks 30. The size of the polarizing beansplitter is di and its
refractive index is nl. The focal length of cell lens f2 is f2 and is
separ at dere.0o if the locgtiansof ageint serreq gy the SLM andgr isthe logation ofjits impgs afisethe (2,
between lens fl and Auxiliary Mrror | is divided into two regions, one of
t hi cknedlight| fromf the s@@cezhﬁsmsng ghroughylewst fl e beenueflacted| off Mintort B and pansed lorick
thickness d2 filled with material of refractive index nz. It is chosen

t hat f2 throdgli-lendifle Defiging rérnitdtand eviriting ehiSkeddakion gives) 64 - A =0-0Auxd)] iTaisyisM rr or
| can be easily calculated. The result is d2/ n2 + d'2 = 2d - d2EFIf - dil
ni. It GCaRrhdedRitathslofadistahce 8" Theintrppetstiotds thattBe imable forthed b MiBFIB REa = Ni

t he equation reduces nicely, giving the desired conbinations of d2 and d"2

017 1455 P Bes TR e R A5 RRE el & Y Rec Y WSt 0

Ti, for 'ngﬁ fromthe SLMto Auxiliary Mrror | and back is given by
cT/2 = nﬁ%%+ Ith'n 2d 2 + d"2. This can be rewitten to give a second

equation inval vi d 2 and.d 2 n2d d:2 = (cl,/ -..nldi: 2dEF. .From

t hese equati g.hg i’%}ﬁgﬁp’én‘i @” directipn ﬁﬁgﬁ%?%%@ﬁeoﬁxg?p}’@n% M’B?‘& 13 QPQ?‘EPIYJI" 2 and
T,. A plot of d"2 versus d2 (shown in Figure 5 13) can be created show ng
the regilBiheoy ditptiopserthat iz G The 5 equation equixglent s & e, Since dhsutenter REn be
noted that the slope of the first equation is -1/ n2 and the intercepts

t hat depamatumpaiX is pn the ¥ aXisdan isjage pfa peintosofiics S9m th, eentsr o eurystureligassfat ond
equation is - n2 (constant) and the intercepts depend on T1, which is

var i ¥l dronTthe spiraepaiti dstihe object has,butyon the opfidsite side dnbab theThandny directionsyal ue

of T, occurs when the two lines intersect on the vertical axis, i.e. TLmn
= (2/c) {To fitd the AohBge+of 2 pbint squakeFdn the SLM) ¢ne loan hiergly réfleet ebous the cehter 6fim
value for d2. The line representing the distance d2, di12 + d"2 = d2, can
be pl ot teatlatute poiatt he | ens fi to the Auxiliary Mrror I. This line also
noves to the right as d2 increases. The snallest value of d2 occurs when

the |i NGRerbdded DRRSITIRE Dub S0 GRist Bloaks. abtbre is piestinted 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 5a. The SLM 12 is shown, along with a polarizing beam splitter 28, lens {2 27,
the White cell mirrors (13, 14, 24, 25) and Auxiliary Mirror I 29 and a group of glass blocks 30.

The size of the polarizing beamsplitter is d) and its refractive index is n;. The focal length of ceil

lens f2 is f; and is separated from the White cell mirror by a distance dgr. The distance, ds,
between lens f1 and Auxiliary Mirror 1 is divided into two regions, one of thickness 4" filled

20  with air or other material, and the other of thickness d" filled with material of refractive index n;,.

It is chosen that f> = der. The requirement that the SLM be imaged onto Auxiliary Mirror I

can be easily calculated. The result is d%/ ny+ d"y = 2d — dgrlf - dif my. 1t can be noted that if

"y =0 and d; = d% = d), dgr = D, and m; = n the equation reduces nicely, giving the desired

combinations of d’; and d*; that will give imaging. The distances d’; and 4" must further be
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gives the m ninum di stance fromthe lens fl to Auxiliary Mrror |, d2, mn-=
2dEF- (d2EF/f)-(dl/nl). Conbining equations to solve for the thickness of
the glass and of the air, these 15 expressions are nost easily witten if
2dEF- ( d2kyd gdfitaoded! Inl) i's repl aced in terns of d2, mn anpcr/isoconisti+2d is
replaced in ternms of Tjnfn: d' 2= (nh((n2a-1)){[(cT,I2)-n,di - 2dJ- [ 2dEF- (dEd)
-(dilnl)]} {n2/(n22 1) }( )(T -TI. 20 d"2 = -1)} {(1/ n2)[ (cT2) -

nld, -.aflbd )'iEHSI S |(,g§,glaslhh%,(, ) (T,
This gives {he Incr emsntﬁ# é‘ﬂé ﬁ%%oaeﬁgsg?argghe CFM{t&Ahat | igjlgve an

I ncre t [of ¢ Tr gl 0, I

di stancg bgé‘ Isgiven, r} "fdd 26XI F%F)T % ror ‘Ieaﬁcan ﬁhﬁ&{) Vépgecghl&
conbi ni ng. t hese .eq atl S | 2) (TF -

This YgHoR imyolvi ‘9 Q’Eéec( QQKQ(Z %ﬂ’/éaséﬁ Emr%ﬁ&%sﬁehglf Ib?stance
d2 can also divid d nto 2 agnd t delay I nCreas t he
pomtﬂﬁ‘r?%?"“fﬁ@ger fseablendr P ds e 18 63@&{0 @é%fa igug W
01/14924 PCT/ US00/ 23361 thicker and the air la "er th| nner. For that

r eff ack3) van berraented shpwingithe regipaiof inferess.ovhese 'n and &k ate pesitiveds coulgsthembe
auxiliary mrror is noving back. The size of various paraneters can al so be
est i matoted thatithesslopeyofiitieafirstéquation is rr1/ darand therintereepis thagi déend on vy, £ 45 6udn
d1=3.81cnm(1.5in), and nt=1.5. dngn=6l.46cm Tmi n 9.58 nanoseconds, and Ad
Z| AT1 i afedifd) fixednTheslopeldflse secdndeqdation)s -of; (t6nstant) apé therintercersts depend el , a

bl ock 0.18mm thi ck can be used. Deformable Mrror Device SLM To derive a
ray net;whic isvardabe rTHedink ahifis td the tightras Tyincreapeat Themminirmwe valee 0T} ocqune

showi ng how t he di stance of a ray fromthe axis changes as the ray noves

t hr ougkhdnliRe 1Wj1RES intefsaet drBe Obrtiedl aRiB AW 110, 0 @/é)mdl 2 Rds oRe:chEfgys. Some

pi xel -mrrors of the DWVD are oriented with their normals at +9 and sone at

- 810 gﬁgm?)w Thére i Hhmbmhvalutlter &, fTRE ligdRpreSentiny telistance 4) 4, W@, sup,f ace of

nmay be defined as a vertical line (y direction) intersecti ng t he
Ce“t €T cafitbe BRY ?t@d.Wihe?&stfb?JthQ@ﬁﬁnlﬁfy iiteorf)l T8is 1ing al36 Mdves ohiRe Sptithage and
part is in ont of it ray can enter fromthe right with an angle po,

as shoyedsts FIRHESaI&van SF &, WctthirS SHeR the lines intersect on the vertical axis. That
gives the minimum distance from the lens fl to Auxiliary Mirro; 1, da min = 2dgr— (d‘z,,-,.-/j)-(dlln;).

| Combining equations to solve for the thickness of the glass and of the air, these

55 expressions are most easily written if 2dgr—~(d®er/2/)-(di/my) is replaced in terms of d mi» and if

md\+2d is replaced in terms of 77 yin:

d'y= {maf(ng ~ DI (cT/2) - ms - 2] ~ [2dgr — (d'grlf) ~ (md]} = {mflmg” — VH2XT) = Tymin)
20 d”y = {omlns” — DHQY m){ (cT/2) - md - 2d] - mo[2dge — (delf) = (dfm)]}
= dymn = {10n" = DH2)(T; = Tomin)

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 43, from lens fl to Auxiliary Mirror I can be
obtained by combining these equations: dy = damin + {1/(n2 + 1)}(¢/2)(T7 — Ty mm). This starts at
d>.min as expected and increases with (7 — T;,,,,,,.); Distan;e d, can also divided into d; and d".
As the time delay increases the position of the reﬂeﬁting surface moves back, the glass becomes
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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=yt an8 behind the surface. In going fromthe surface 15 to the pixel, the
hei ght of t as increased a distance d tan po, =y t . After
reflection Jhﬁ#ﬁg pi xel the ray again passes through theigﬁ?$@@ggﬁln
doing so the height has further increased a hei ght dtan(po+28) =

yt an6i an o+2(3 The he| ht has changed by a total distance Ay

=yt an8{t er. Forcthy asg%mné@s% awwegfamwceraaw so
that po << x, and 8 = 10 << 180, also a 20 small angle. Puttlng t he
tangent @8 theeuxiliagy mimeninmoviog bask. Ahgsiee oftwarionsnaramelass 4an alse by prtimaged-fooy 9( 9
+ p.). The net result of all these steps is that the increase in height is
proport i ¢ypidal tsituatioe. pr d@hectan chooserad=fl=dighe $=30cth, chr3.Blemikijh)k canddn=Tlus t he
first mtrix ray equation relates the input y value, ya, with the output y
val ue, Y duy61.48cmY,3~9.5B Gatoseonds, e84 b/am=18x10'émarsec.f Thust ifa delagg0'Usi ng
the law of reflection, the incident slope, p, and the reflected slope, p,,

are rel a&&dn@&@desne@abl&kolﬂmmt&kam{sé&WM PCvusoo/ 23361 or pi + po +
0. Conbi ni ng these equatlons intoa 3 x 3ray matrix yields -the ray matri x

for the Dobmatfe MirrBr Device SIM. To Berive %q'aﬁmatnl: for § padticuldr sxtﬁatﬂ_)ﬁ% elyati

addendum t'hat can be nentioned, where e di scu55| on could also apply to

reflecti g ndldg, 3nd LRRG k %\9% BLthicRl of 4 &ﬂ%@%ﬂﬁegﬁng% @k by fhoves

pi xel -mrror. hus, trix equation also app a tipped pl ane

_ﬂ%&%ﬁrer &’t’%‘%fﬁ ‘%@”J%%%?‘§§4°n%‘*?e?§$§“8’5%§°‘%9}% 1o} Rgfldh Eﬁ%eher ¢ lva"?ﬁ‘s‘~"°‘ls A ease
bone] der DYID bl Sk with theft ialsi + b ndsoiel R . $H0p i Fgure 180, Ykre' for one

10 device @ = 10°. The surface of the DMD may be defined as a vertical line (y direction)

intersecting the center of each pixel so that part of the pixel is behind the surface 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=ytan8 behind the surface. In going from the surface
15  to the pixel, the height of the ray has increased a distance d tan p,, = y tané tan p,. After
reflection from the pixel the ray again passes through the surface. In doing so the height has
further increased a height dtan(p,+26) = ytan@an(p,+26). The height has changed by a total
distance Ay = ytan#&{tan(p, ) + tan(p;+2 8)].
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 = 2y8(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, yi, as y; = 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; - 9=p, + 6,
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apex pointing down can be considered. The refractive index of the prism
material is n. The two |arge sides nake snall angles a,, and a, wth the
vertical. Aray with slope po and height yo can conme in fromthe right, be
refract eg, sﬁ interfaces, and | eave. Since the angles between the 15
surfaces and the vertical are small, argunents |ike tho Wéw ously
for the mrror can be used to show that the vertical displacenent in
crossing the prismcan be neglected. The first matrix equation is then vy,
= yo. O%Pict ps £ 6 Liombining thesss eqnationsdatoia/® xt3way exptrint yields tler ray hetrihfpgie of
slope The entering ray has a sl ope po. The slope of the ray exiting the
surfaPMPss p The angle between the ray entering the surface and the normal
is po - ao. Slmlarly, the angl e between the 20 ray exiting the surface and
the normal is p' - a. Snell's lawis then sin(po -ad=n sin(p'- q,), or
usi ng the II1an(gIeo gsyriction, np' =p,, +2(n -1) C.. A conparable
equation C wrftﬁg f r the ray as it exits.the |eft-hand surface: pz
= np' + (I 1/ 14924 PCTJUS00/ 23361 Elimnating p' and
defining t pr Osrﬁ ari gl/a = ao - a,, we have the equation for the change
of$slope by the prism p2 =p 1+ (n- 1) a. The ray matrix for the snall
angl e isranjaddendivaithatyegn be Meftioned, vthepthe discussion ceuld 2Bo Rgply {o rflectibn
Di scussion A dual Wite cell is shown in Figure 3 connected by a polari zing
pr i snefle tippadl lane enirrofiif exteridingihe edye of the! gifel afiiroe. Ahus,ABé ndtrix! edtfon ARGU! at or
12 and spherical mrrors B 13 and C 14, conbined wth Iens fl 27,

const applistoantippaltiplaneanirdor it e Gpahgle i$ ShALT Bthé @pasigledsd hot'a srﬂ_ g, ror in
the SLM and spherical Mrrors E 24 and F 25, conbined with [ens 12 26,

const lidveiver, thef €RQPEro¥iidtidn @6és not Ralll kfditer! illtbe a};hﬁ‘crgnkéﬁ?rﬂft e?‘%}‘h n the
or I'ig

SLM and Mrrors B and C are the sane, and the distances
red | edigd of f the polarizing beansplitter going to Mrrors E and F are the
sane.

Next, a prism with a smau angle is considered, as shown in Figure 15. A prism with its

apex pointing down can be considered. The refractive ind_ex of the prism material is n. The two.

.'large sides make small angles o and @ with the vertical. A ray with slope p, and height y, can
come in from the right, be refracted at the interfaces, and leave. Since the angles between the

15 surfaces and the vertical are small, arguments like those used previously for the mirror can be
used to show that the vertical displacement in crossing the prism can be neglected. The first
matrix equation is then y; = y,. Snell's law can be used to derive the equation for the change of
slope. The entering ray has a slope p,. The slope of the ray exiting the surface is P’ The angle
between the ray entering the surface and the normal is p, - ap. Similarly, the angle between the
20  ray exiting the surface and the normal is p’ - . Snell's law is then sin(p, - @)= n sin(p’ - ), or
using the small angle restriction, np’ =p, + 2(n - 1)a. A comparable equation can be written for

the ray as it exits the left-hand surface: p; =np'+ (1 - n) a;.
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15. The distance fromthe SLMto Mrrors E and F is greater than the

di stance fromthe SLMto Mrrors B and C. In operation, a |light beam
bounces fromthe SLMto one of Mrrors B, C, E and F and back again on
each traverge of the cell. The polarizing beansplitter and_the SLM

det er ni ne wWRYRWERE| the beam goes to on each pass. The pgﬂﬁﬁmlbeam
splitter transmts |ight of one polarization, say the plane of the figure,
20 and reflects light of the polarization perpendicular to the plane of the
figure. |f thElirhinghig 72 tand defiring the Pring ahgle My T+ @f - By)wvé havecth@edquatién fon ten t he
pl ane of the figure and the SLM does not change the polarization, it is

t hen ref £ yahél pfigh 4] DEt niide : SmBh o
Conver selhlﬁ&i ?f?ﬁgﬁ i gh?ﬁésh'lti'aﬁr)t sﬁlt%r (lj}';&]i\/l’l:ﬁrb?)ﬁrﬁ%gvﬁf?f%gl ar i %%g}rx]sm ls

per pendi gyhar to the plane of the figure and the SLM does not change the
pol ari zation, it will continue to reflect between the SLM 19 WD 01/ 14924
PGT/ USOQ' 23361 ..and Mrrors E and F. The path of a beam can be changed
fromone cell, tq the othe using the SLMto rotate the plane of

pol ari zation @& |t dbam éou ded off the SLM The present disclosure

di scuBses a sla, [H|¥e poGsiDéd pagi ng conditions. First, the focal Ilength
of lens fl ist ¢hosgngo iyagd Mjrror B onto Mrror C and vice versa.

Second, simlar to 5 the first condition, the focal length of lens f2 is
chosen to image Mrror E onto Mrror F and vice versa. This requirenent may
be met by,placing Mrrors B and Cin the right hand focal plane of lens fl
and by pﬁ&@ﬁﬁ@—nMrrors E and F in the focal plane of lens f2. The third
condition is that Mrror B should be inmaged onto Mrror F, and Mrror C
shoul d be i metydnl dvhits crll isishewirin Fiigire 3 corpeftedbicmpolatizing nvispy kspwsplitteth The be i n
the focal plane of lens fl together with the requirenent 10 that Mrrors E
and PO bemirrprtit thefopticdl sprtiahlight imddulator 12 and sphetical mifrore B 1haml € dAdioniboed The

| ast two i magi ng conditions are al so conparable. The fourth condition is

t hat t hewith tosifl 2% nostisiteodne Whiteosedl, Rereunfier ©feared tocasCeli]l. Jthe ntiasr, in ithe SLM
conjunction with lens fl, Mrrors B and C image a small spot of light on

t he SLM éamicdpheriehloMirroes B4 dH 25, spmbinedhwith denSEM6, Tosstinas t second White @8I | S

that the focal lengths of Mrrors E and F are chosen so that, in

conj unct éatied \Gell I, | A 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 SIM 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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15 f2, a small spot of light on the SLMis again imaged back onto the SLM
In operation, a point of light starts on a snmall mrror next to the SLM
called a turning mrror. The light is directed towards Mrror B. Suppose

the |ightg,d arized in the plane of the figure so that_it is not )
reflecteé"%@ﬁ%e pol ari zing beamsplitter. Mrror B irraﬁgyuf‘wgsisﬁot | i ght

onto the SLM In one scenario, the light is reflected off the SLM and

i maged b ens_fl onto 20 Mrror C, which inages it to a different spot on
t he smdy Myrrors B audybre $he pathpf ¢ beanpcan figicbangad fiom onercali ¢s thetottenbp usihgtheL M The
| i ght bouncing back and forth forns a sequence of spots on the SLM If the

pol ar i $iMiteretate the pleng ofipdlgrization ®ithe beamihwupees pfithe 8EMar to the pl ane of the
figure, the light bounces in a simlar fashion back and forth between

Mrrors E dfhe presentdlisclosusldiscussbsa s fivi\Boibld #kigingRohaiton) 3386 the fabane Of
pol ari zation of the |light can be changed at any bounce off the SLM so t hat
any clength nfitenofi isfchesen It inage Mirdos Banto Rislort @and @ide Rerss.N86@Rd, shifiar@y'ant i ty
of interest, the transit tinme through the cell, is the nunber of bounces
of f5 M the firss cahditiofl, thie focaliength of lehef2< thdstd™® ifrfaEé"Milli‘& E ohtNigroPr ahPicd and

a

back, plus the nunber of bounces off Mrrors nd F tines the transit tine

5 f r onverdae Thislequirebesititady Be m&byPidtfip Mirord B afd @Gh tﬁ@ﬁd%g ig%gf%,gil 5?}43? of pots of

light on the SLM there are various configurations

| ocal e dd by'Flaifiy!Mafrsrs o ardlt’ Pk itaPidd o 188028 THe iy Bllthicon is B 2! S°

depending on the spot size relative to the size o ers of

ot hatriore sholiale fhdged ARVt 7% s YOI R AREA B8 ohidR S Wik e o o el

so that the spots fr are al S0 col nc se 1% om cel |

B- C. | e r f curv re af Mrrors B
o ¢ FAERERACH ol tnd® VB Bol Wk SRR Heclif Wik e tenSrpmeate 1 1
shw t; | 1. | ot.. caonfj gurati op. The SLMis assuned to
hgeje ;{ﬂast %ﬁ#&&&%ﬁ%ﬁ@g@ﬁe %ﬁlgnsﬁgﬁisgaﬁhﬁﬁﬁ co‘f‘fﬁ??’br s, the input and
OUEPUL LU D ol BlingSoREibhs 5t h1s8 SoRaahle. AR Burk Sonabien 15 S e

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

20 Mimor 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 bomcing 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 t_he figure,

the light bounces in a similar fashion back and forth between Mirrors E and F and the SLM. The

20



15 case, the turning mrrors are centered at distances of f2nS where mis
an integer related to the nunber of tinmes the light is re-imaged onto the
SLM and the SLMis taken to have dinmension 2(2m- 1)5 on a side and 5 is

t he di stance bel ow and above the optical axis, respectlve f

proj ecti onSVQPVIMR4 centers of curvature of Mrrors B and ﬂ%&?ﬁgﬁgl a poi nt
of light on the right end of the input turning mrror, as shown in Figure
20 16a, conditioned, as nentioned previously, to be travel | ng toward M rror
B. That lewe dfspalarizgtich of ¢healight was doe ndhangedt dtcangl Wouheecoff able SPHD 56 ttimt t dmg
center of curvature of Mrror B and an equal distance fromthe center of
cur vat ur eombinetigrosfipathe in cdls direcand mwoitanteahosen. Thequantitgiofiiptenest, it transit {ine,

ya), where yo = -2nb. The point image is at a |location opposite the center
of cur vatthroggtofhe NEILi9 the fambéOoff hofices bfft Miresta B d C timesthg Rrafdit i€ from the
coordinates 1s reversed and 25 is subtracted because the 21 WO 01/14924
PGT/ USO0/SERABRIMirfd B M baék S HidinuinBerQff bMmce P61 ersrs IER@ W kS itadisit fifne t NE

| i ght were being imged by mrror ¢, the sign of the coordinates would be
rever sed RpdmMadsed vilegr esult is (xi,yi)=(-xo, Yo-26) —( X0, +26(m 1)).
The light 1s then reflected back and re-inmaged by Mrror C. The point inmage

rom it The éséﬁ%ﬁﬁ%ﬁri‘%én o 3 g Spod ot e Sn SN Z?‘*“@ﬂfed"m%s (m
2 Aot piReas: ggsa S Repe bl el ﬁsfecrumwrevsé VPG A Eolh

Mrrors oca I ONS Of SuccCessSli ve sp

d t ti

desi 9Nt S §W¢n§% -t m(eri;mwg%e RS S S B SRR
6 10 | f. f Fi Th

T AR 0 gl e B AL A

taco. The_ horj zgntal coordi nate of the points alternates to the right and
left ¥f clnceipcidens withdhospirgm oAl Brfer RefereRcs eilioply, berpade 197b8 Semiprs of cupial®d nat e
above and _bel ow the axis first noving successively towards the axis for

n=1, 2, alfMirrors BrandChionsimplisity rom t he axis for n= 4, 5, and 6. The process

ends Wnen n = 2m =6 and the
Figure 2 is a view of the SLM looking from lens fl, 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 £2m4& 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)6 on a side and ¢ is the distance below and above the optical axis, respectively, of the
projections of the centers of curvature of Mirrors B and C.

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

20  16a, conditioned, as mentioned previously, to be traveling toward Mirror B. That spot is imaged

to a new point on the SLM located opposite the center of curvature of Mirror B and an equal

distance from the center of curvature. The position of the input spot on the turning mirror is (x,,

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

B. To find that location the sign of the coordinates is reversed and 25 is subtracted because the
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15 i maged spot winds up on the output turning mirror at the top. There are
2m 1=5 point imges on the SLM There nmay be gaps between "x" spots in the
col umms on both sides. These can be filled by placing a second input spot
at (xo, yo). e spots can be added on the input turni ”ﬂcﬁ*r&do% as shown
in Fi gur'é’véglé’!\“gzét different values of xo. A conplete line 0o spo"fsé t hen
results on the 20 input turning mrror, the spots being paired at different
val ues of taco. Columms of spots can fill the area of the SLM Instead of
a spectenterofyurvature of Mitras Beis belowdtheaxds. SIf e light wetie being dmaged by MizorCathel C are
equidistant fromthe optical axis, a nore general situation can be

di scussigichof tHeumominatdsovonid bereeerseid and 3d eddeds #hofesulhis mirrors are shown on the
y-axis. The center of curvature of Mrror Bis at 22 WO 01/14924

PCT/ USOO’@,;%},@.J:(.,,L’Qyoa.tz'QFa(.ycg.-pzm. pgnter of curvature of Mrror Cis a
di stance 28 above 1t. The input spot is at |[|ocation x0, yo, The expression

for the | ocmbigh i9kheaROecttdiback dnd re-idBged by Mfrkor'O¢ OThe(ptkht imade it ofpposite ()5 O
+ 2&n)) ere ys + 6 is the location of "the point ndway between the two
cery e Q{née?pﬁg@ff&éﬁr@ oBMTHS‘ré ifalididrce foiS TheQo&Rb Fen it (399 =

paral |l e I ne between the centers of curvature, 5 the y-axis. The

spots alternate fro e u to the | n general, a
di st an@fé’ 'yﬂg' é@ﬁa{x&tngr&flﬁﬂ pg%]&heiq{o‘gssgﬁ%&éﬁﬂegg@ﬁ% _&ﬁ}e&ﬁ\ﬁ/ﬁeﬁ;{ F%:"i‘f:&po itions
of the spots in _one.colum are, .however, not identjcal with those in the
ot her T3 a0 (A SReiBTh 1o 3F HEtne RO SESETEToSdp Cro) Pt s pot
The equatign reduces to {he previopus_equation whenye = -5 Two speci al cases
of pr gEthie-impging cThesespotioeationsaeigiepPy the origin is taken nidway between
the centers of 10 curvature so that yB + 6 = 0. In the first case yo is an
even i ht &ge®) T (M%S:D" G - 2o =H(-H J(onél) &1"3).- This is the situation for
n=6. Then the y values of the spots in one colum are m dway between they
valtues of tlinegispatsst pfipoihts fot =3, epbhawn inTFiguienllt Thropointimages ban bot t om
turning mrror and the output spot is on the top turning mrror. There are
m - 1 riedicsted with &x"sf fThe reagsk MmTtive vsaicallihes piooiof The borizentak ¢oontinapdefithe/o i s an
odd multiple of 5, yo = nos (no odd). Then

points alternates to the right and left of center. As the image number » increases, the spots also

alternate above and below the axis first moving successively towards the axis for »=1,2, and 3,
and then away from the axis for »= 4, 5, and 6. The process eﬁds 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, yo). More spots can be added on the input turning mirror,
as shown in Figure 16c, at different values of x,. A complete line of spots then results on the

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

Instead of a specific situation where the centers of curvature of mirrors B and C are
equidistant from the optical axis, a more general situation can be discussed. There, the centers of

curvature of the mirrors are shown on the y-axis. The center of curvature of Mirror B is at
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15 for each spot in one colum there is a spot opposite it in the other
colum. The input spot is on the bottomturning mrror and so is the

out put spot. There are still n-1 spots on the SLM This situation can be
illustrated =0 in Figure 17. It is possible to fill i

bet ween thevg(glci)]{@ﬂi n the two colums. That can be acconpl ?QB@O@B";MH ng
an i nput spot on the top turning mrror at location (x,, yo) with |ight
directed towards Mrror C. For both configurations one can fill the 20 SLM
with spotlecatign yai Fe qentey obghvature of MirortGiisrs digtanrier28abeyve iGe The dripluy/spot is at S
desired to have the spots close together to utilize the SLM area in an

opt i mum flaeatiowxy, yd, fThe lexpréisidnifor e locatioa of spor #iinERNE DRI AL 639 )3l (LBYGPI xel s
then it would be preferred to have one spot per pixel. Let the spot size

be o: Si neRsd)\evieR0lS isth RRRIoR theBbint midwiy Bepiden ThShNGateR of 2Rrvatl 3”%

be preferred that o-= 28, i.e. the distance between the centers of
01/ 14924 Te boldRBV&HIRFGEL twh bl y(;fesg& ) %&‘i’w al to
t he spot size. The spots rray&g{‘so eggie%lgérig{tgﬁﬁl y a&gﬁg%)%h%gbgﬁﬁg%"{ehe

hor i zgnt 3} Wi5ECHH {E‘Fna?é’ﬂé]ﬁ BBH{H §%a%g s_taken to be
equal to teh}gb%ﬁﬁgigrgp%ﬁispo 5 réxrlré)éotlop gﬁ%% ‘{;ngggnn éll\%f_ﬁﬁne‘?ﬁlag‘ F wel |
not be t . dn ny sktuatjons . the nunber,.of 5 spots fromtop to

bott om or?%ts%e;i%_sldmn?ﬁ sﬁé a(ﬁwef‘ﬁgfuﬂlf‘d € gertt Ws‘ﬂﬁfﬁ(ﬂf@&f‘s&ﬁfi‘tm QR Solymamareof
bounces be desired. .In that case, groups of spots can bounce back and
forth i n%ﬁ‘f?&ﬂf’ﬂa?‘?‘ﬁgi‘ﬂm thesgdn e St @gl%rﬂmé depsad pa thegyalurieéthe lasationh e
sets of sFots arranglﬁg in _colums being reflected, or other array of spots
bei ng r ePf e inpEt sppty The eanation eedusen éo he previbusequationowien yo & - Tivo speeidl éasese
times off the SLM The use of spot arrays allows one to nmake nost effective

use 10 of present ShamselypmbiBor tsingdiciti,hihe torigin Helakens midveayi bitweeni the deliters dofal
cell are also considered. As described, there are a nunber of beans, each

execudi ngumatixe so dmsy; -Ede+0. bigahe £R1cafdy,lio atblel Sitedel timeb 5, W, &), 5 O bvidle's
Mrrors Bor C, or goto Cell Il, i.e. Mrrors E or F. To derive the

CxP ! 3ot it ) st PO S e bl o7
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 tuming mirror. There are m - 1 reflections off the SLM.

The second specific case arises when y; is an odd multiple of &, y, = 7,8 (n, 0dd). Then
15 for each spot in one column there is a spot opposite it in the other column. The input spot is on
the bottom turning mirror and so is the output spot. There are still #-1 spots on the SLM. This
situation can be illustrated for »=5 in Figure 17. It is possible to fill in the gaps between the spots
in the two columns. That can be accomplished by putting an input spot on the top turning mirror
at location (x,, -y,) with light directed towards Mirror C. For both configurations one can fill the
20 SLM with spots by using many spots on the turning mirrots.
Generally, it is desired to have the spots close together to utilize the SLM area in an
optimum fashion. If the SLM is divided into independent areas called pixels then it would be

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

vertical distance of 25, it may be preferred that o= 24, i.e. the distance between the centers of
23



15 DEF is defined to be the optical distance in cell Il, i.e., fromthe SLM
to Mrror E or F and back. dBCis the distance fromthe cell lens to
either Mrror B or Mrror C, and the corresponding distance into Mrrors
E and F h}) bz‘f‘dEF. DBC = 2n1di + 2 dBC DEF = 2nldi + 2 dEF 20 Here, nl and
d, are t R PEM2ctive index and size of the prism respectGHAES02338L hefore,
the light |eaving 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 afervitursfofinhizoss B enhCeboujd bt equatkd thelspottsiven The spdts hay als6 be s¢ardted Cel | | .
The total tine delay, T, is given by T-(lI /c)((k - ODBC + i DEF)=(1
/ ¢) ( k Bpedistan¢d EFin-thd Wrizpntdlditectichi € t hree itens of ‘interest in this
equation. The equation has two terns. The first 24 WD 01/14924
PCT/ USCQ' 288dumbee 8 bbiincy S ISLM Has tfkemtPBedufl 6 ARS hitbe o}:%frgﬁr e1s
evi ce

al ways a constant time delay, Tc- (1lc) nDBCin this e second

L€' igh BNRRSA'IRABAISLIE T iy el A A coskV 15 6P L b e 'é‘ enent al

part, , proportional to L ad the constant part, VI'ng T1= +

o hspab-from 16§ botk i b ) S ol B o Mrder'oP i Biacteld bt b G115, ™Y

' ' i t L ff b [ L] d Cell 1I.

i o Beiltogs fhy b cBhiliR W il el Broflid oF (PO ScalBOUREE patit nd | et Sent, | AT
b dint f desi . BC, dEF, f, d, f2. DBC

can DEpSHREERRRC e Shihe? B cORRNE ! Son 00 O o i s g

byt veine ek ofgrieriaRay of o e Tokeied Rubatbiases the st mispois can” .

{2(ni§+1hgds dEE&eJ;f%%z%%é ac/2f1 -1df EF/2121)} This reduces as expected. |f

dBc 4°YTEReARIYe ceihe upe ¢fspotAseys alloms paete makemosksffective usad 15 AT

4 0. Ther e k_possible values for 1, so there are k possible tine del ays
and tﬂfgtﬁﬁgg(ﬁfﬂl’ﬂl%‘lftﬁéf enental delay, ?'r,,,,,. given by T1, = kAT. Thus the
maxi mumincrenmental delay is

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 II, i.e. Mirrors E or F. To derive the expression for the time delays,
Dpc is defined to be the optical distance in Cell I, i.e. from the SLM to Mirror B or C and back.
15 Dgris defined to be the optical distance in cell 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 dr.
Dpc=2md, + 2 dpc
Dgr=2md, + 2 der
20 Here, m 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 T=(l/¢)((k - D)Dpc + iDgr)=(Vc)(kDac + i(Dgr -

Dgc)). There are three items of interest in this equation. The equation has two terms. The first
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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 dF to the pairs 20 of Wite
Cell mrrors are nmade unequal. The optical distance fromthe SLMto Mrror
Fis nmade HMI824than that fromthe SL(Mto Mrror E. TheBETHSR234le
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 the Sieih iSprgportionhl tmiafié B dofisthnt ! Thi@eRAD hlinays @deﬁﬁnﬂfmﬁiﬂg,? (W)t h

t he exception that Mrror F has 25 been replaced with Lenses 5c and &

25b and MnDgen fhis dévdce. Ofhd RS ek 1§ pfopbrtionalClBOSAM is Jariabhe. O Thik4QRdolled
PCT/ US00/ 23361 so that, in conjunction with Lens F2, the SLMis inaged

ont o Lensingmeiliic, 75 HopBRicha to 0B i tihskaiepadl Mvidgns: S pghosen

to i mage the plane of “Lens onto Mrror 03 wth " unit -magnific

that Mrr 0B\ nbeSi et ' . WM ' Iy S _

conj ugat <13 FieRsil by R i M B Bt by B bl AT RSBy o7 TER,
on Len . The 5,image .of jis.center .curvature t al so lies gn the
SIM o Pl [ Boek THCH rifoe el scehistt Ao s btk COREIH PVRGGHL The
I magi ng condi hi ons, of the dual armcel]l are still satisfied. An

al t er nat i 39 Gelds TBis can begnadgite ke e wideapngs 9§ valpesy epl aced by mirrors is al so
included in the present disclosure. Further, Gl and G2 may be conbi ned
into a singl e Thefise imprement, 47, icarpbeosxpreassed in tavms of design pawamgiefsi drcedtr firandsi t
time for light in the arm 10 containing Lenses GlL and & and Mrror G3. In
addi t i on f-0DRB@dPw cBEPe tepleced usisg premious efjustiensc @) cantthen teimimteddh ehchrret DEG
fromthe SLMto Mrror G3 and back where DE =2nl di +2dEG nland dl being

t he ref r asing\aepreviclexmagidg sirditionf wititeed with & rephiediBf ijpcfor QelEVandUs! gk~ fokem JEG
can be witten in terns offG3 the focal length of Mrror G3 as dEG = dEF +
2f G3. 10A dhiThe gusaledsi on t hen exists with the optical distances fromthe SLM
to Mrrors B and C equal but the distances fromthe SLMto 15 Mrrors E and
G unequal . To proceed, it is necessary to know the nunber of bounces a

gl Ven Spot  az= { 20w+ 1) (dse - derd +2 i ([dac! 2] - [/ 261) }
This reduces as expected. If dsc = der and f; > f> then Cell I becomes identical with Cell II and
15 AT -> 0. There are k possible values for j, so there are k possible time delays and the maximum
incremental delay, Tjmx given by Tjme = XAT. 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 dac 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 '_czdvantage of increased flexibility in
the choice of possible delays. The number of possible delays will go as & where £ is the number
of bounces off the SLM.
Figure 4 is identical to the configuration of Figure 3 with the exception that Mirror F has

25  been replaced with Lenses G1 25¢ and G2 25b and Mirror G3 25a. Of these, Lens G1 is chosen
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will make 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 transit times between the SLMand Mrrors B or
Cand Mrror. E is then set equal to the snmallest desired tinme increnment, .
AT. The N9 ce in transit tinmes between Mrrors B orPEI/ESM2M6r or G3 is
set to 20 ((n/2)+l)AT, where AT = (1/c) (DEG - DBc). These tines are
acconpl i shed by choice of focal Iengths for the various el enents. The

r easomsofthat, inhemmction with Lens F2htherS8IM is magedrdnto Bemc62ATTIuS; Lénsdis fier ence
in lengths, it can be nade quite small. In exam ning the possible sequences
of bowomjegateowith e SEM/ Léns G243 chesel $einiagel tHelidnelof £ensSG O on®Mirios G3Mwiki€
turning mrror next to the SLM and goes first to Mrror B and back to the

SLM  ufifh mé@nifititioh 8et A MikdSNG3 38 6dnjudateowith iR sthdd 1 0GRrAGE Wiith KNAiCeS

towards either Mrror Cor Mrror depending on the polarization of the

| i ght chijagatd '@ Mireor 3. MMikBiOG3 i€ blisbn 0 Ravk ii8kntePEF GirldiGe g Bor
Mrror lgawAfter oéd-nunberedlbounces of f !t he SLM the Ii%ﬂfénggnﬂ g{(}%to

ei e imbdeloF 5 Serfter ¥ clivatudithé al&VR3 ol wfsit%;]m,dmhqyﬁe&éa 8] thad € bMonblle 1 9Nt

can go to either Mrrors B or E. The t 5 bounces

M1 O uffiineff Ao T aplsoRliliod 4 6 Bl G @ DG AEES! ool ransi

time occurs [ight aPways goes rrors AInongest

{0 bbb ke 00 8,1 S 1 O e 0 L o

transit tinme r-a grven sequence o by
pounc Bty e FUBR51 & OF w383 epanined bty Spinalf . nonver of bounces of
0T O S e 4 e N A RS E  a
BB ooy Lenses @) and Soed ik G2 1picign oD et s apewisancsc)

9 (n F@Jfgge& %’%ﬁgqsp;( B&ﬁsﬂfei SIM'to A x'rrjor) G3 a;? b;:kpv\;lilegei D:c,j=2$n(d?-{-22 EG,;.aln)d)d, where To

being the refractive index and size of the prism as defined previously. Then dgg can be written in

terms of /3 the focal length of Mirror G3 as dzg = der + 2fzs. A configuration then exists with
~ the optical distances from the SLM to Mirrors B and C equal but the distances from the SLM to
16  Mirrors E and G unequal. To proéeed, 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.



term Ta, is a constant and represents a base m ninumdelay. It occurs when

i =] = 0. The progression of increasing delays is now shown. After i = 0,
t he next delay occurs when i =1, j =20 0. i can continue to be increnented
until i = (nl2). Then set i =0, j =1 and start increnenting i again.
This is i defYQRAHo a3 radix systemof base (n/2). The | ond&IUSHS occur s
when i =j = (nl12). It is T{(n/2), (nl2)} = AT{(n/2}2 + 2(n/2)}, As

predi cted, the maxi mum nunber of delays is proportional to W A
conf i gur afrewrthe BBM therecaoe twem khojcesdlowtids aithdr Mirfoe CooreMireorSG,Cdepénidgiig! ¢ hen can
be i magi ned, 25 having Lenses G and & replaced with spherical mrrors Fl

and F2. Awmldreitonef thé Kghledving the SLRY Uhb) fetubd U2AlidheTad G 28 36 Mimror B or
conjunction with lens F2,- imges the SLMonto Mrror F2. Mrror F2 then

i mages M Mirar EF|Afiepolidniibéred béahcestifntie|SLM, dlight Bdrego @ eithel Moy € of G,
Mrror G3 is centered on Mrror F2 The design of the dual arned TTLD) uni t

o n\ . , ! ot
can addi t AR @ldnynutbertl Holc@s offdhd SINVIOME 1ighian BY iP&ihe :{?%Fs g‘&ﬁrﬂg t Eﬁéa'rl@han c

del ays, where the nunber of delays can beé proportiona

to W sThesotds hilf el thhe 6AMRRIBNS B &ﬁmglg%;ﬁﬂ\ﬁ%&é?oﬁl@i hed ' ary

mrrors in the plane of the SLM and then ay mecha in

o it s e e e

mrror is shown in Figure nensi ona

cell. Adq’%‘g";9h4°”§'3%‘“@¥%{°&§4@@%‘§3?¥§r the SLMcalled Auxiliary Mrror

I, and an extra mr e material over the edge of the
beam splitting, cube. .called .Auxiliar O Mrror Il. The optical axis is
bet ween. the M%ﬁm{?ﬁﬁ%fy?’%ﬂ%¥° .“ﬁ‘@ﬁ@"f‘l“%@s"xgﬁﬁﬁ’ﬁ ng ibedhe to
cover the SLM and Auxiliar rror L. The turning mrrors are at the |eft
of Auxi i“&?’\k“" ‘1%4"??‘19?8 ?&W{ g@“‘é&k’& ﬁl?H’ém@ﬁfé?faPPPQﬁﬁs P Migop G dht & jro(at  of
the dual .cell with the plane_of the SLMenlarged. The |light starts on the
I nputmTurT[ﬁF‘hﬁ“’IW’F1 & 1of hpppcgbeff MirpesB and ©avill be (7R rribandd (B3Nl Gspectiyely.t he
15 Input TJurning Mrror spot onto the SLM I|f the SLM does not change the

pol ar i zatlP® fraasitding {n thei % bpungeoeping{ timetoi Mireor F andyfr times| to dMigroa§al@h/)pist o t he

SLM 1f the SLM changes the pol arization,
given by

/)= (1/e) {(W2)-0) Dac + Dgr + (12 ~) Do+ /Dss
15 =(1/¢) { nDyc+ iDgr — Dac) + {Dss - Dsc) }
Or, using previous expressions, T(i)j) = T, + AT (i +j ((n/2) + 1)) where T, = (n/c)Dsc. The first
term, 7o, is a constant and represents a base minimum delay. It occurs when i = j=0. The
progression of increasing delays is now shown. After i = 0, the next delay occurs when i =1, j=
20 0. i can continue to be incremented until / = (n/2). Thenseti=0,;=1 and start incrementing i
again. This is identical to a radix system of base (#/2). The longest delay occurs when 7 = j=
(n2). Itis T{(n2), (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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the light that is reflected off the beamsplitting cube is inmged onto
Auxiliary Mrror H Light Ileaving Auxiliary Mrror Il is simlarly
re-imaged back onto the SLM Lens fi imges Mrror B onto Mrror C and
lens f2 images. Mrror E onto Mrror F, as before. O her nfigurations 2Q
satisfy'iﬁ’é) A8 ane requi renents but having various advafrér b also
presented in the present disclosure. The nunber of bounces on the SLM m
is chosen to be equal to the number of bits of tinme delay required. For
exanplcanjupctiongvith iy B2 inagesdhe SEM onte Migion 2. disron &2 thendimagesaMimeruF 1
require eight bits, m= 8, requiring eight bounces on the SLM The SLM

sur f a®atojMiron §3. Finallyd the ceme of evaturelof JitropGl/is so@red3gdMirrar F2o m ar eas such
that each beamfalls once into each area. Thirty-six input spots are shown
on the tulhe design of the dual &pdrETT) 8init@ah yadtlitionallyslpemodifisd tb dinprbveithdr t he
upper left hand turning mrror spot are shown on the SLM and Auxiliary

M r r o mufnber of ipogehtiat tine.delbie wheveghd mmibet b gy bart bepropardolay td feadia@anacan be
changed in Cell Il on the traverse in 5 which it strikes each of the

di 6 eret The andificiioridas by G6nelifl two PR HRE by additig0SElidv Mieérs ifthe PnCor ar €
taken the sane distance fromthe SLMas Mrrors E and F. Extra path |length

can bendBIMSAdithen aHARE tinfedeRY micBhanistEan 0bnjOiREbn M IOIuxMAY inirfdry, NI.J ror 1.

The met hods of increasing the path length wll be present’ed shortly. The

di St aEA cal Hhl kiRt thirdr IshoR & BRER $ & Qﬁ&&-&iﬁgﬁﬂi&al RndiioR 0P el @

bi nary function of Sonme m ninum di stance, AL, and AT is the m ninmum

"N 2650 WAAE, 65k e e, G b Vel XERBY 1hTr 1 B of Bl

wher e e refractive 1ndex of the materi a

P 0PGRS o Bl rch BB TP By i B of, e iREHgH At WEnbd SSIRGE 2 11 TP

i ncrease assocl al rst area on AuXi Irror "%hat with
15, SRR B Bk e B Moo 2 1 3 88 et @
e T A
Pact oMigpHia B8 or ' Dec occurs because the o e
The operation is comparable to that of the dual cell with the plane of the SLM enlarged.
The light starts on the Input Tuming Mirror and goes first to Cell 1. Mirrors B and C image the
15 Input Turning Mirror spot onto the SLM. If the SLM does not change the polarization the light is
imaged onto Auxiliary Mirror I and again onto the SLM. If the SLM changes the polarization,
the light that is reflected off the beam-splitting cube is imaged onto Auxiliary Mirror II. Light
leaving Auxiliary Mirror II is similarly re-imaged back onto the SLM. Lens fl images Mirror B
onto Mirror C and lens f2 images Mirror E onto Mirror F, as before. Other configurations
20 satisfying the same requirements but having various advantages are also presented in the present
disclosure.
The number of bounces on the SLM, m, is chosen to be equal to the number of bits of

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

require eight bits, m = 8, requiring eight bounces on the SLM. The SLM surface is then divided
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distance fromthe SLMto Auxiliary Mrror | and back required for this case
is twice the distance fromthe SLMto Mrror B or Mrror C and back as

required for the Dual Armcell. There is also an increnental delay, Tl=
2AT (8, + 281 + 48 + ... + 2(-')5). The maxi rrumincrerrentﬁé.”g.goo&ﬁg@y, Tj,
i S given bywﬂ,,,, A712-1). This is a considerable inprovenent. The

I ncrenmental length, AL can be inplenented in many ways. For small tine

i ncrements. blocks of material such as glass can be added next to the

auxi | i ar yntedr areas. suptpthat eachy beam falle onqgdntoreach area nTHRY-Fix MPut SPOSHARRAYHER | | ne
of the desired length may be added. 29 WD 01114924 PCT/ USOQ 23361 The

met hod  ofthesuidtiingymirarcik Figure §8.a Salyothe dinhgas assogiatsg ayitnthe yppeslefh handstustegn i n
Figure 5a, where bl ocks of glass of different thickness are shown. The

bl ocks amuwdpemeehduman&hémam@mﬁﬁmmﬁHMMdmpﬁpﬂyThe t hi ckness of the

bl ocks are chosen so that the additional tinme required for the beans to go
t hrough succeghé legthlof BeSpattingdveird & tiesbeamvean be changedint Celield oh e travietse
thickness. 5 In operation, the light in a given beam goes either to each

secti @n QfhichUKithikey sachvbf the Giffetenfifirdas. MRLAikoLeS thisupprac) sippbedMitedraB, andIC goes
to Auxiliary Mrror | and receives no delay. For exanple, on a particular

pass thr I 8L M 8eMiTord Bl andl FZ EkirOpath Rngth ¢lin b i fin
m t%ﬁl el dist4heP RS8R it o Opath RngH d’;ﬂice

passes t beansplitter. This beam goes to Mrror B or from

whi ch it e%ﬂmﬁ%&#f'e%h%ﬁxlo?Agﬁlhﬁr?h MIBRF AU THE fethBds diiecsing B pith 1@1@%

receives no ass e beanl s polarization has 10 been

\(,:mhgpge?t “BQ?% h ou }'ﬁé&:&%ﬂ% afso&?&tag w@t?%etlﬁ&%&ﬁtﬁgﬁ%ﬁ {sHh¥: CMJ por 11

aSsocCl a ra opt I Ca stance O t he g ass

bl ock. As bhefore, . nd ni, are t.he thickn refr X t he
beamspl | B %’PF‘% of sppe mpinigium él‘ém?c& gr@.%%"fm m""\?\hb%{e cg?‘%depa rors
and let d be the distance fromlens f2 ot e%%mfrorsEan ,
as welol ke relationship issgivenahyA L= (rpis) AbcWhers éh{jtq‘F 'feﬁPCt’(’ff ¥ OF fhg atgrl iy ot
15 equal to dEF. The distance d2 fromlens fl to Auxiliary Mrror S

di vi ded iwhich thevlightaprobagaigs and ¢ iy the gpegrtof light iisvagpumy. eﬂ?’a%fhwacf?m%% tmez and
d"2i filled with air. This corresponds to a_ representative block of gI ass.

increase associated with first area on Auxiliary Mirror Il is A7, that with the second area is 2A7,

that with the third area is 4A7, etc. The general expression for the time delay with this approach

is T=2mDgc + AT (8, + 25, + 48 + ... + 2™V 5. where the & describe whether the i-th delay is

15  added in. If & =0, light goes to Auxiliary Mirror I, if & =1 then light goes to Auxiliary Mirror II.
" There is a constant delay, Tc = 2mDsc. 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 Mitror C and back as required for the Dual Arm cell. There is also
an incremental delay, 77 = 2AT (6 + 261 + 48 + ... + 2™V4,). The maximum incremental
20 delay, Timae is given by Tymu=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.



The expressions for the thickness of the air, d"2 and thickness of the
glass, d'2 are given in terns of tw paraneters, the m ni num di stance
between the lens and Auxiliary Mrror | d2,.;,, 20 and the mninmumtransit
time, Trmd., frogmthe SLMto Auxiliary Mrror |I. They ar | .o = 2dEF .
(d2EF/J)w9°E'a‘f’?ﬁl), whi ch reduces to the single cell m&&ﬂi"é"@?&%‘ if the
mat eri al along distance d2 is changed to glass of index nl and d24dl. For
that case there is a mnimumtransit tine fromthe SLMto Auxiliary Mrror
| and backTheimethod afifdding blqcks of gléssior pther tpanSparent mtarial is)showy iy Kigur¢ 5a,di  +
2dEp + 30 WD 01/14924 PCT/ US00/ 23361 (2d5 - (d2gF1j) - (dlInl)). -loth
t he nmwherenblocks of glase ofiifferérs thickaassiaret shomai t The hiockscanaroriehted tth agptades no
glass, dz = 0. Then in ternms of these paraneters the thickness d' 2 of a

gl assAlkitiady MiemuIlr Eik thivkness of the bleckscdre ¢hosen sdchatyheladditiongl timereqiregforen by
d2 ={n2/(n22 - 1)}(c/2)(Tj - and the total 5 distance, d2, fromlens fl
t 0 Authelbeanistoldorthrotgh sucsessivey blocibyineteases sihoviers of tivd ifes the thitih) thicRless .
T,,,i"). By setting (Tl - Tr) = 2(-"AT, these equations can then be used
t 05 CalnCeperdtion the lighhinci(ﬁﬁéﬁ bedm ighes éither B i -sedohadmmbiigey Mirdof Dkl t he

di mensi ons are known, then the transit time can be calculated as AT =

{ 2( N2reteitdskhid adsstiated BedayToP goebtd Aukidiay VR 2 3hEreclivis i RIS RN Sxdatpiat i on for

the dual cell. The approach using a glass block is good for very snall

del aygn i WelN'4} | ah Aol Gti : B&ﬁgﬂe” and
are vi g?\}é;tr?%ddiﬁt?e&the %*gg'té%?st gsebtﬁtg%k. Inlthatlé?lggﬁh%%??\ttep}agsg%pro ches may

be usgdpe ngggg@gg@%sﬁ@g{,& BMERr 856 @ rdth WihictOd Fgévgitégcle&iﬁ%fyesr i place

of the _QI ass ens transmssion l'ine p es an net hod of
ongeaicpier RS bRy i hocBi B8 o8P R 0 Sl B8l Maiinlef 01 s
S s 0 o Rttt 2%,
e e P e o B SR, 02, £y ot v and

: As before, d) and n, are the thickness and refractive index of the beamsplitting prism.

Let fbe 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 f1 of cell lens f2 is set

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

filled with glass of refractive index m, and &', filled with 'a'_ix_". This corresponds to a
representative block of glass.

The expressions for the thickness of the air, &> and thickness of the glass, &'» are given in

terms of two parameters, the minimum distance between the lens and Auxiliary Mirror [ ds s

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

(dPerlf) ~ (di/ny), which reduces to the single cell imaging case if the material along distance 4 is

changed to giass of index n; and d>—>d,. For that case there is a minimum transit time from the

SLM to Auxiliary Mirror I and back. Itis T, = (2/c) (dy + 2der+ dz min) = (2/c) (mdy + 2der +
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reflected off Auxiliary Mrror Il now proceeds to the left into the |ens
system There are five planes conjugate to the plane of Auxiliary mrror
| f, |abel ed 45a, 45b, 45c, 45d, and 45e, lying at 20 the junctions of the

five lens groups. Figure 10 shows the plane of Auxiliary Mrror Il and the
five conjuga¥@%l4s in three dinmensions. As all the groupCHESPVEEL at e
identically, only one group wll be considered. Recall that at the input

to a group and the output t@ a group there is a _.plane conjugate to

Auxi | i aryQder T &6 sl —(drim)) hgia'éftg? minigum|istancspnd thepiniraye tapsib Eme 9eeyr il
tasks 31 WD 01/14924 PCT/US00/ 23361 perfornmed by a group. The first task
i s basic theretihme gipssydi+6n and will be considered i mediately. The ot her
two tasks deal with |light conservation. The first possible task of a | ens

group is to i nMAgR ihhemispfithes® Patafiviess fheathivkssds &t bE a glasspbiliocie dtjulteh 6
pl ane. The lens in the center perforns that operation. The focal |ength of

the 5| ChitrendenaCitfe BnP PRATALAY ShERB) DOLD (FARPIORNE/NIAUCE, DY ot fhe SN CE

2f . This can produce the " deSired i nmagl ng. e inpu utput conj ugate
pl anesgar g; ape | £ | | P pepatip i of the
areas of glgc eto%?’lﬁ’g%?gs gﬁgnme&g@repirg015§&’8§lb8g?ti‘?:zﬂ" slt?}/l{'% fﬂ}w ors.
These areas corJyespon 0 1. he arga t he gl.ass bl ocks in e previqus
design. T S:'i gys g}?gid(# Fi%ﬂ’?‘e"glmh’lﬁ? ?‘Wgél ac&g(}g%ﬂ' g%élsec‘{){‘]’r %@?&rﬁia’leo t he
mrrors. Light ipcident in Area 0 10 the plane of Auxiliary Mrror I
passes th i PF&ﬁhdﬂ%ﬁﬁe@?veian‘I al he dime are °¥Bﬂﬁgﬁ‘bg‘Fér“ﬁ5‘lt§‘i‘Fe"aﬂ5a by
the vertical strip mrror placed to cover the imagéa of Area |. Light
passi ng t be eplayiptedms & {2(ef + 4 W} ($hl adrennb f THRIISICPMBRYDIRNG e Previous gguatign for
t hrough. Lens Groups 43a and 43b, and is reflected by a mrror placed in
Conj ugat ethPldusieelll 5Shheaspprdach isiegye glass bockds good ¢ vary amhl delhysqHf therbldeks gadr eas
[1i, 1V, and Vis reflected by mrrors strategically placed in Conjugate
Pl ane$t 45wp lekgdhenathalbeans 4fart.to Brvaddncand tate wignettdticbyl the sdgerafulxsbldelt. dnnhanesset he
time delays. The length of the first lens group may be chosen so that the
| i ght t hadthérrapprehched Mayoheglied.ens G oup 1, reflects fromthe strip
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
16  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 Il 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 H (and therefore to the SLM). There are three imaging tasks
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mrror in Conjugate Plane 45a, and travels back has the shortest desired .
time, AT. 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 | ength of each successive group is then nade equal to the sum of
the |enyPO¥I4%4the preceding groups. The | ength of grodST/US/23361 nade
equal to the sumof the lengths groups 43a and 43b. The transit tinme then
up through Group 43c_up to Conjugate Plane 45c and back is 4AT as desired.
The rReFaImedthy 2 greynyt The fistaask hﬁ)géﬁ to thewpanation gndswillibe gensidersdiimmediatelyy up

t hrough Group in to Conjugate Pl ane mand back has a time delay 2(mi) T.
32 /othen two taglts/dgaloitiplighe consevatiomi ng to the other two tasks perfornmed by
the | ens groups, the second task involves conserving optical throughput.
Ther e havdhbdust possiblettasknef avlens g@raup isdse ilnegeltheiinmul conjugaie phaneloatdethe M r r or
in the conjugate plane next to the left-hand I ens of the group to reflect

| i ghtoutyeut kortjigace pjane. t Thee lenyssinahe center petfornisethat axpemedi. eTheofobd leng bf be | i ght
that comes through the center-imaging lens to 5 go back through that |ens.
T ademsnyjl dan fbet separated Ifionl both-doajugdate @lhes by acdibtage AP Tiis 64H05@8uceOtht hat

when the plane mrror is placed next to it, it then inmages the center |ens
oNnt O debigedllifagif§li TheMpurdad o&ﬁﬁﬂﬂﬂigiugaé PRnéYaré R alihgmiRaddn érengt h of the

| eft-hand | ens be equal to the distance of that I'ens fromthe center |ens.

The | ens agpdphtfRCa FhitoR 'of RRATHEaBF AR dbhjubatb Pkfle BrelBfialed! %ﬁﬂap{mpa'f the
center-to-left hand | ens distance and there i's a magnification o | so

e st Sl L sk ik U SR g R Vo>

- .
Anot her way of considering t ens aril ses

beCausen inlridO§ whfl fil slafeReld Workgioh§ is HIHDA. 1R incllifi 1ohden PRI | €N

collimates T1ght l'eaving any poi nt enter-i gIItIlg e %s still
| -:Dei t .th I ' . .et It
B o HE bl 5t RS ion 1EbosSR Rl i sl iR 1 bl B e AR GomBtE "
| eft-h I [ | tualit ield I d t, to th tput 15
ot ARt P el 85 B e 4 S B RS D a8 ot P

by a ARG B s of Pitn: MiSn M kst 1mplh TGS opfite M ma i a5 O

reflected by a mirror placed in Conjugate Plane 45b at the image of Area II. Similarly, light in

areas I, IV, and V is reflected by mirrors strategically placed in Conjugate Planes 45¢, 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, AT, The length of
the second group is equal to that of the first group so that the transit time through groups 43a and

20 43band back is 2A7. The length of each successive group is then made equal to the sum of the
lengths of the preceding groups. The length of group 43c is made equal to the sum of the lengths
groups 43a and 43b. The transit time then up through Group 43c up to Conjugate Plane 45¢ and
back is 4AT as desired. The remaining lengths are chosen accordingly so that light passing up

through Group m to Conjugate Plane m and back has a time delay 2™ AT.
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assure that all the light entering the center inmaging |l ens of one group

|l eft the center imaging |lens of the proceeding group. To do this, the
center lens of one group can be nade the image of the 20 center | ens of the
praceeding lens. This can be acconplished by properly choosing . the rlght
hand |ens olVOOA4S dfoup so that, when combined with the |eff Cﬁhi hs of

t he precedi ng group, the deS|red I mging is produced. This can be
acconpl i shed by making the focal length of the right hand |lens equal to

t he di stance Béﬁm@a the othegy o taskscperfermed:hycthe feas gronps the sepend tagk invelvest he
focal point of the right hand lens is on the center lens. Light |eaving a
poi nt on tonserviag pptical throughut. dhere hage en Gituationwhercit/wasbe 2eded to pytaplanes
then collinmated by the I eft hand | ens and refocused by the right hand | ens
of the nemirror g the gonjugate plane resttodhe lefttbgndiigns of the group to wfect Tightrtack thrauph

m nor exc grolens of tgroup. eptron: the first lens in the first group

i mges M the syseenE= JowilFbeadesieablette hawenilinthe lighttint cognes ehreughfthe deatef-imalinglemsup .
Wth these three inmaging conditions, a given conjugate plane is inmged
onto téhe geebakk epdigt gt ¢enpl TOeccomplish thi3, the (5Fi-hand 14n8 i edch prug s chidsdntsarthdtg Of
the center imaging | enses. The process can be extended if nore delays are

desired wWiheh thplencihiiéP & plided Adxt & i2.fiEdhen Dilagiitkk béndrenYlohioQfsel¥.| THE thal be
conjugate planes. In a system of | ens groups, alternatively known aS a |ens

train, thecaRiiihdd Beths EHBrfécaFEHgth Qpihb WiRhdnd 188 bE %&la@?oetﬂe Wslahicerdids s ¢ hat

refl ect one vavel ength and pass all others, such as a 10 Bragg grating.

LEEFJ f‘irep%#ﬁﬁ%%@ P %0%9'?’5%%&%%9’32‘3“%“?%}%?9%? T R
the del ay. i gﬁafn%q mtf Yol 8094 0 1-4,??\,@5&%%0@%“%%%6;% a}g not
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require a na
VWite, cell wt . n of M erethe ed to
be. | THor dens/ie Bphaimeghs it Hebspited 438 tlaf {eigeined 81’%5’“0"3%&%/? -
wavel eng [n ong 5 suqh roach. lig ro ect

cont ai ni h"d"‘hlleé’ﬁga“ﬁ?sa ﬁ’@% Py *a.‘r“fg&e te 'Wééﬁ@?ge ?ﬂntﬁ%g [?ﬂson

t he wavel e gth of the beam at any_instant, the light travel s down the

ollimates light leaving any point on the center-imaging lens. 1t 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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fiber a different distance to the correct wavel ength-specific grating,
passi ng through all the other gratings, and gets reflected back. A tunable
| aser or wavel ength-altering el ement may be required for each antenna

el enent in this approach. 20 A Defornmable Mrror Device_spatial |ight

nmodul at NVOBIM4 i s al so used in the present invention. PEHESE0B6as t he
potential advantages of higher information density and faster speed. But
it al so has sone associ ated problens that have to be addressed. The DVD is
a pi grouptistien cellimatetl blyithghiefirhadd lens and reforased by, thetright barddelens ofths uexitace i s
divided into increnental inmage areas. Each inmage elenent has a mrror

sur f groap pitattheox@ntebimagingderasrod ¢hetrieyt grapatTheretio onenminoo exceptions theffisst lens4 WO

01/ 14924 PCT/ USQQ 23361 exanpl e maki ng angles of tl (c) with the surface.
The &l thedinit grouprimags Mitiors E loe Flonte thieicertrad imading lene bf detfist driupht Wit changi ng
the input direction to one of two output directions. It does this by

| Ndi Wegd hrtee iiMBEIRy EorARTIAE, a gt dbnjugfit pRAe HiARGA] 66 thetneki eonfilgatePRlei Nt O an
anplitude change by directing the reflected |light through an aperture or
di 1 eghd Rtight istiost ARGEMHpRGuriHgQF e tenter imaffitl $éndéh. THelpRocels dal'be BRbAREN
transmtting and bl ocked states, at a rate faster than eye response, can
al so; r | I | thr, t he DVD
surfgclg,&%mrk%gay %Qfehgeélﬁﬁgﬁ?@ﬁ%% %&%rs gdrﬁg ?H#radgee‘as eﬁ%ehﬁg ?‘} Igi?&eors SHV\#”:%QSOHE are
rota ' direction, the remaining mirror elenments in the other
poss%‘%ﬁ“eéa&d:?#g%tion. The angle, B, of tip is 10 on presently avail able

devi that | oS . :
ror | cot ectrrBam of s pioff, S68hedi Bl KRbu B ok P dFaenat Qi 880 ) oot
o Db P HELE R e e o Befel Bt ol 8, SR R L7 "

1 e SR cTier e & peeboinebp Speenitl Wit b &F oefoith SHAGRP 404, “The
DVD presents an interesti ngl pattern on reflection. To.see this, conpare it
to adenerd on is;wanelength. One gould sy tunaple-iass fo.prpgram inyfhe delpdnuaigiiger ¢ ho
mrror surface wwth the x - z plane nmkes an angle a with the x-axis. A

pl an¥aygkangthiof theclevica g Such aqsll would nog peapisn 2 patial lighgmodyigton,ona dyal 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 refléected 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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is reflected off the mrror, and exits to the lower left. This is in the
near field of the mrror. A continuous reflected wavefront results as
expected. Considering a plane wave reflected off the DMD 48, as shown in
Figure 19b, the inmage elenment mrror surfaces are all orient i e sane
20 directi oNWOWMB4nplicity. The mirror surfaces do not foFﬁ&gJSQMUOUS
surface as in the case of the extended plane mrror. As a result the field
reflected off the DMD is a discontinuous set of wavefronts all travelling
in the sasxemglermakingmngles df 40P withothe surfage)iThe elowiints dan mpdulate Seaiirettionoiithe set
forns an "average" plane parallel to the plane of the DVD. However, this
aver age piefleczed light bpichangingahel input direction tdenedofrterotoutpnt difectioms alg doescthisdy t he
reflected light. 35 WD 01/ 14924 PCT/ USQQ 23361 The fact that the el enents
of the DMndididusldinagd derhdht. OTRe ditsttibm citiige Ginrbe aaesforaied into tn amplitudt dhtmgetblyt  at
times to image the DVD. in reflected light. The difficulty is shown in
Fi gure 20direching GRS light Mol in Ageriaeronairtating kit Barahiagl blockihg &. [PaRimgf r om
the right. The reflected light is imaged with a |l ens 50. Neither the
obj ectg pl @p ?ni?&'l?]e%b%n'tﬁm&?mﬁlgaﬂﬁ B1Scke® SR8 tit & whid Fasted thalCey® rélbride, dadralsef

e |1 ght

propagation of t eaving the DVD. 1ndeed the object plane and inmge
pl ane ar §, @gr ' gnification is unity or if the lens is
rotated to t%éaé‘g#ﬁg&st\érgeéﬁégg%%ct pl ane. The main problemis that the
obj ect and i .pl anes, ar at | r : k '

propagation. PR RGE G nRpEn AR PR BERC, Ml nd Bulifiel Saded bikle Slepens

I nci dent on .the 49 at. agn angl.e ..10.and l.eaving i lLeular ..o the
surface, %8 Of a’fgir@tmeg"?%?‘infeﬁté%’?’ﬁé%m% g 3feF|'§&rs E‘f@g Pélﬁ”lll paoméll is
the way pr.ojectors using the DVD,operate. FqQr. _application,in a Wite cell,
however, difectien, The apg! Qﬁmﬂst*doh%‘g@eﬁ“ mvaﬁb‘ﬂ? & fffb‘hﬁﬂéghsmdﬁt th
directions. One way to renmedy the problem of the object ,plane and inmage

pl aneihottoliks plgne ofeheo BMD isueBectedofroma givendmageosiergnt gt Sihghe reflectize impgeise an
associated prismto change the direction, 15 as shown in Figure 6. The DWVD
i's il um elehes ovpidels drgtiirrently sqularel 06/mb on 8 wikié wvith aapacingfofil @4mdeniveen pantessn i s
placed in the reflected beam The directions and the angles of the prism
have beenThere is a hole in the center of each image element roughly 64m in diameter. The pixels rotate

about a diagonal. The light incident perpendicular to the paper is reflected in the £x direction.
The DMD presents an interesting pattern on reflection. To see this, compare it to a flat
15 mirror 47 as shown in Figure 19a. The intersection of the mirror surface with the x - z plane
makes an angle a with the x-axis. A plane wave travelling in the z direction enters at the bottom,
is reflected off the mirror, and exits to the lower left. This is in the near field of the mirror. A
continuous reflected wavefront results as expected. Considering a plane wave reflected off the
DMD 48, as shown in Figure 19b, the image element mirror surfaces are all oriented in the same
20  direction for simplicity. The mirror surfaces do not form a continuous surface as in the case of
the extended plane mirror. As a result the field reflected off the DMD is a discontinuous set of
wavefronts all travelling in the same direction but with some lagging behind. The discontinuous
set forms an "average" plane parallel to the plane of the DMD. However, this average plane is

not perpendicular to the direction of propagation of the reflected light.
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adjusted to renove the angular offset of the DVMD. The lens is then.used in

a normal fashion. The effect of the prismcan be denonstrated anal ytically.

To do this, aray matrix description is utilized. Aray with slope po

i nci dent mrror/pixel |eaves the pixel with 20 slope pl. The 3x3

ray matrivig?‘glr‘ e DVD whose nirror elenments are tipped P§T ‘H"@g{ﬂven by v,

100Y. p, =012Bpo 10011 36 W 01/14924 PCT/ USOOR3361 The first
ented by the matrix equation shows that

of the thr i near . equations. repre |
upon ‘- ref 3@? k%&?'ﬁ@e FRt Bﬁhﬁﬁm §° pet lie B 0R¢ Fntinpessurface amakes it mozecond
| i near .@g@at i on shows that the slope changes direction by 29. Simlarly,
it hadiiHEWHatdmesio fiage thePMD)in reficeisd light iffiguity js shown im Fignie20aofA smal |
angle a and index ni is given by 5y1 1 00yo A=00(n-1)apo 1001
1 Ret (?MDi49 atrbe isft isnormaally; ilumingted svith afbesre feonDi® right. Fhettaflectedf lighs és t hat
the light is reflected upward, translates a distance d and passes through
t he primagad Witheadériscif). Neithteh theaohjéct plane tnoe thieMiagd lanans perpemiivublr ltedhe To fi nd
the conditions, multiply the matrices for the DVD, the translation and the
pr i5s mdérectionof eropagatian of the lightdawing the DMDi \adeed thetobjectisline 24 ifnbge pla@Ns! at i on
by itself. Thus, vy, 1001 d 0100y, A=00-(n-1)a01001+20 pa
1 0 Oate grdlelloxly Gf the inaghification 2Runity ckSf theQerls i8 Cotated b be parlleP the object
plane. The main problem is that the object and image planes are not perpendicular to the
direction of propagation.
If the direction of the light were reversed so as to be incident on the DMD 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 the DMD operate. For application in a White cell,
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  slopep;. The 3x3 ray matrix for the DMD whose mirror elements are tipped by +&is given by
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00111t is seen by taking the product that the angular offset of the DVD
is cancelled if a= 20/ (n-1). The horizontal axis is then transl ated
upward in they direction by a distance yd = +2dB. The axis is selected by
choosing for the position and input slope yo = 0 and po = 8FT&E&g% hese in
the 20 previWi®/d¥BMat i ons, we find the output position is = . This

i s reasonabl e because the axis has been raised by a distance yd = 2d9 in
translating a distance d. To conpensate for this, set yj=y2-yd=y2-2& This
af f ect s oFeyfitshef tthgpthréenkindan equationsorsprssaatndaby 8. matsig §quaHAn; showsthat upon
followng matrix equation. Note that the equation has the formof a sinple
transl| at i efledtign shechositian o thel ray3Emei6s Sdnstenoad tRCRcuRdreasRationshpwe|thgt the p, =
0O10P 100115 Thus, with the redefined axis the prism conpensates
ni cely f oflopeltBardegtirertioniby 120, (Sirailarly{ it hitcbeedhliown it ferghs prishethe rayfmattie fdbual
White Cell with unequal arnms using the DMD is showmn in Figure 7. There the
DVMD 31 is f %%ﬁ ik | f the DMD are lens J | 36 and
spheri calaﬁsﬁ%ﬁsﬂ%ﬂﬁ%g.le hergld%?g} l%%%%}fhs, dependi ng whet her a gi ven pi xel
reflecgs light up or 10 down. For light reflected downwards there are prism
Pl 37, lens f nd .Spheri cal rror B 39. For light reflected upward,
there are Priqaitip2 é2,° Ien‘g fIpY8B and Mrror M 34. The prisns counteract

t he angul ar eflim¢t$00f0 t(he IMDPas described. O the two sets of conditions,
the SLMimagiing}caqgpdigti ons, j/and/ the light- conserving conditions, it is
sinpler to consider the |ight-conserving conditions first. The

l'ight-co i Libh D8 " 43.thel fightt. is aextchdibe

i mged on %ﬁﬁeéat(g:%h%?ﬁ%%%ﬁg?ﬁg{eﬁ y&%iassﬁiggﬁé:gg?{#gleg?gﬁ%d thegoutsi des of
Mrrors B [ Thi.S..i i i pnpM in
t he focal “pp ngrgn si%tes atigtarcd g%&?f&!}%& hgjr;\\%ﬂftgyp e B bf Gk fnght athe

Lenses respectively. The curvatures of
Mrr oqés Bdan %é c%@gne'ﬁ'. aIroeﬁn%I tLe gorﬁ ﬁi%rrxls, %n%lt%pli&a&xc bR oY %tlbl&b, the translation and

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

») f1r 0 o 1 4 01 0
pl={0 0 —(n-Dalj0 1 off0 1 +26|p,
1) 0 o 1 0o 0 o 0

1 d  +26d \»,
15 ={0 1 20-(n-Dallp,
00 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; = 248 in translating a distance d. To compensate for this, set
y1=pr-yi=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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with lenses f2, f , and f2 the DMD is inmaged back onto itself. As has been
shown, inmages of the <centers of curvature of Mrrors B, C and Mthrough
Lenses fi, f2, and f2 lie on the DVMD. The 20 result is the equival ent of
the dual_cell in Figure 3 with equal arns. The light can go fromMrror C
to MrroOdVa#4 back or fromMrror Cto Mrror M and bé’éﬂ"‘lf@m ng on the
state of a given pixel. The DVD deci des between the two paths on any
particul ar bounce. For the DVD i magi ng conditions, Lens f3 can be chosen to
i mage the onto Lens f4 and the radius of curvature of Spherical Mrror
D chosen sgnfhdfl id sOffepter of curvature is on Lens 25 f . As a result,

i ght com tnemi hg |s I mged by Lens f onto Lens f4, then re-imged
by 38 V\D 1 ZgbaP 0$00/ 23361 Spherical Mrror D back onto Lens f and
I maged by oitself as required. Equivalently, since the
center of curvature of Spherlcal Mrror lies on Lens f4, it is imaged by
Le sf onto S uired. In erat,i s.in froman input
so J[;I%?Q%q% POSPH TR %?ft %‘F‘g% for, g ?‘@%" fectipnthent o a

pi er Mbthe "down" p03|t|on whi ch acts as a tur ning mrror. That pi xel

di r ecPMR-he light to Spherical Mrror 34 which then images it onto a pixel
in the "up” posjition. The pixel then directs the |ight to Spherical Mrror
35 whi ch | TREgeuvalentpf the Dsmf WaiteyGoll vithe unqqpe)arms ysing hec BV isethowminm be "in
the unit". The choices of tip of the DMD to direct to light to the short
pat h BigursfheThese theyDMI) 3134 aaﬂu lsBondtite tgprighti of ghe DMP @re $8s g} 36 end he | ong
path of Spherical 10 Mrror 39 and back to Mrror 35, as can be appreci ated
f r om spherical Mirpor<h3SwnThere Riegwogaths, depensling whtether a giveh pinebrefledts lighplop ot cal
Mrror 35, the light goes to Spherical Mrror 39 and to a pixel on the DM
whd c hdaven. iFor lighe réflepted downwardsitherechrelprisac P37, leas J2 3dnd Spherizhl Mireor 839 . The

di stance fromthe DVD to the lenses f , f2, and f'2 is designated do, .and

t he fR&dight tefl8géd) Gpwird] Sfecsre Mrismf B, 32)Mehsl/",233 amd NEmbONEBd.t ThE PrigiFd'al -
Starting fromthe turning mrror pixel, 15 light travels a distance 4(do +

f1) t@uﬁahemsahg‘ﬂérréf&&ts%fammmlssaaﬁnbmen OF tBphay aabf Mrdiiehs, Ghedind back
to get "into the system. The light can go either to Mrror B and back and

t 0 M $IMEimbging 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,

16 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 f5, £,

and f; respectively. The curvatures of Mirrors B, C, and M are all chosen so that in conjunction

with lenses f5, fi, and f’ 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, £, and /> lie on the DMD. The

20  result is the equivalent of the dual ceil 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 depexiding on the state of a given
pixel. The DMD decides between the two paths on any. particular bounce.

For the DMD imaging cbnditions, 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 fi3. Asaresult, light coming from the DMD is imaged by Lens f3 onto Lens Js, then re-imaged by
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and back, a distance of 4(do + f) or it can go to Mrror D and back and
then to Mrror C and back, a distance of 4(do + fl) + Sfa. To exit the
system the light goes to Mrror D and to the turning pixel, a distance of
2(d0 + fl) +,&f en if there are m bounces, n2 of which ﬁ?ﬁllﬁhs ed to
20 Mrror D,wtgr?ielmegwaressi on for the transit tinme through the ce |3§PT:
(tic) {4(do +f) + ((mnR)4(do +fi) + nR4(do +f + 2fa)) + 2(do + f + 2f4)1 =
To + n2I T, where the constant part, TO,and the adjustable part, (c)T are

gi ven by 3ghefigsl Moz d bagkante,dans ﬁ%%‘m%i(bllkﬁ‘f&my%flmdmﬁe% AT=
(1 /c)8n2_f 5 The tine increment is (1/c)8n2 f4 and there are n2 choices,
as bef or eEqufYalentlynginog thepentesfof chgyatuee of SphericshMimer lisg oncb@ns fwiit i imeged|byar y
mrrors and a nmeans for extending di stances. The equivalent of Figure 5

wi th t he bensifi ante the MDD as requizedshown in Figure 8. Figure 8 is derived from
the equal armcell made with the DVD. The difference is that Spherical 10
M rrors B and Iivoheretionhlight comed indroadarsimputhsatret helowit ungt. | ightcfcbno te@utside
auxiliary mrrors rather than back onto itself. The transition to

DVD- bas e dsonpeiic Bndged ofite @ ipixehibcthe Addwn!' paditisrewhitinscts ss 4 mminaglehitrdre Thaf pigel t he
gl ass bl ocks or the optical waveguide. The area of Auxiliary Mrror |l can
then be directsdrellighite Splierical Mirrde 34 vitaehythbA iniaes It lon@od) pixeMinfie MpTPesidloand
replaced with the glass blocks or the | ens waveguide. In Figure 11,

Auxi | i ar yTid pikdthenl difeas eIt feSpheAck! Mttor SPWRIRE tndges W Babk td'he DNHANGE tO

t he | ens wavegui de. The operation is the sane as described in the dual arm

bi nary deIYéh@%;noWl:%nQ&e?éﬁB'%@“inmtr?H@l Gholtes &itp FHHIRCDNPEE dAER 18 Bt kdHheNded

to be exhaustive or to wunnecessarily limt the scope of the invention. The

o et pi cuonpatiof SAiheal ifof BORBIati SollERANIRA 33 B P lnk P BFSftefed

princi pl of the Ppresent 1 nvention so’t rs s

ehonie” Llylg?oé%@ ; &e B%:?gé Ee\ﬁ{}or 12 08 1B RRE HOG RS LES BN LEEGY 7. After
the last bounce off Spherical Mirror 35, the light goes to Spherical Mirror 39 and to a pixel on the
DMBD which is in the "up"” position and directs the light out of the cell.
The distance from the DMD to the lenses f;, £, and f% is designated 4, and the focal
lengths of Lenses f;, f, and /- can be taken to be equal. Starting from the turning mirror pixel,
15 light travels a distance 4(d, + fi) 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, + f;) or it can go to Mirror D and back and then to Mirror C and back,
a distance of 4(d, + f1) + 8f2. To exit the system, the light goes to Mirror D and to the turning

pixel, a distance of 2(d, + fj) + 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'=(Ue){4(do + i) + (m-m)do + /1) + maA(do + 1 + 2 f)) + 2(do + /i + 2 fo)} = To + mAT

where the constant part, 7,,and the adjustable part, AT are given by
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invention, it will be within the ability of one of ordinary skill in the-
art to nmake alterations or nodifications to the present invention, such as
t hrough the substitution of equivalent materials or structural

arrange ' t hrough the use of equival ent process as to be
abl e tor{gér;gc 19%{e t he present invention wi thout departi %%‘?@S%om/z%??s spirit

as reflected in the appended clains, the text 40 WO 01/14924
PCT/ USOQ' 23361 and teaching of which are fi by incorporated by reference
het in. It is the intention, therefore, to limt.the invention only as

I t
i ndi categ b scqpe, of t clains and equival ents thereof 41 WO 01114924
PC / US 7(3{/05&%@’?*“;’5 +('§'§.I+r?gﬁ3q )1, An apparatus for optically generating

time delays in signals conprising: (a) an input |ight source, said input
| i ght source adapted to generate at |east one individual |ight beamfrom
at least one direction; 5 an input mrror adapted to reflect said at |east

one i ndiMiT(4)8mifght bean (c) a plurality of optical elenments configured
so as to define a plurality of possible Iight paths for each said |ight
beamreflected by said input mrror; (d) at |east one refocusing optical
el ement adapted to restrict the divergence of a light beamdiverted by
sai d Tl timeinceneneisi(Hc)8hs AUl tite dre as cheles, foeford.d | i ght paths; 10 (e) a
spatial l|ight nodul ator adapted to select a path from anong said |ight

paths for Becbinarpash ofFigurs 8iisl consilebedNRRY Wit AixdlArySmirtorO Bhd & Fhealt &FENL S;
(f) an output mrror adapted to reflect each said |ight beamenerging from

sal d eRéddiil distelcesTerHe equivilent (dFFigike 5 Athlth® AiliRF Riiridr s hSwh G FRdAPS ed to
receive a said light beamreflected by said 15 output mrror and determ ne
the dpigax g i8 difRd'fiotihe BGBIhrm cell made with the DMD. The difference is that Spherical
10  Mirrors B and M bave 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 I can then
be divided into strips. Auxiliary Mirror I 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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2.. An apparatus according to claim| wherein said optical device is adapted
to generate an array of light beans. 3. An apparatus according to claim]l
wherein said input mrror is adjustable. 4. An apparatus according to claim
1 wherein sg%gwﬁkﬁgality of optical elenents is selected fppfjyseiaaieic 9roup
consi sting rrors, lenses, gratings, and prisnms. 5. An apparatus
according to claim1l wherein said output mrror is adjustable. 6. An

apparatus according to claim 1l additiqgnally conpgi.si t .| east one.system
of " wavegUnd denching of Whigh % UTeE Soarmaiiea by SHETERa By [ 1 B JEiop Bigetore]
plurality of said Iight paths_neg be varied in ,a fixed 5@;@@ cofrprising a
subset oftodisittheisvension oply asindicated hythe seope of the claimsiapd £9uivg ereph 1111111 WO
01/ 14924 PCT/ US00/ 23361 7. An apparatus according claiml wherein said

spatial |ight nodul ator consists of a polarizing spatial |ight nodul ator
adapted to change the polarization of a said |ight beam directed to said
spatial |ight nodulator. 8. An apparatus according to claim7 additionally

conprising a beamsplitting device adapted to 5 direct a said |light beans
along a said |ight path depending on the polarization of the light beam

9. An apparatus according to claim1l wherein said spatial |ight nodul ator
consists of a deformable mrror device spatial |ight nodul ator adapted to
reflect a said Iight beamto at |east one of said plurality of |ight

paths. 10 10. A nethod for optically generating tinme delays in signals,
said nethod conprising the steps of: a) nodulating an input signal onto an
optical beam b) passing said optical beamthrough an apparatus for
optically generating tine delays, said
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apparatus conprising: (i) an input mrror adapted to reflect said optical.
beam 15 (ii) a plurality of optical elenents configured so as to define a
plurality of possible light paths for said optical beamreflected by said
i nput M ryebindodd i) at least one refocusing optical elenent adapted to
restrict the divergence of said optical beamdiverted bfcg’é’ﬁﬂf’ 1 cal
el ements through at | east one of said light paths; 20 (iv) a spatial |ight

nodul %.a a t&d.to select a path fromanong said |ight paths for each
pass o éﬁ‘g"’g’ﬁ Btal beam through said optical elements; and (v) an out put
mrror agg ted to reflect said optical beamenerging fromsaid set of

opti cat gmw;fomcdy gengrating)tinyedalays in signalsicomprisingt. M WO 01/ 14924 PC

/ USC0/ 23361 c¢) down-converting said optical beamto an output signal. 11.
A net hod ak®dpdrnyglighs seyreg, said dnpatilight semee ddpptedtogenartet ldast oné fidividual
adjusting said input mrror to appropriately direct said optical beaminto
sai d set of dighfbsam fedneatdeastoneldirectionyret hod according to clai m 10
additionally conprising the step of adjusting said output 5 mrror to
apfr opr i at €) pndiputmire adaptattbirefizct saibaricastng indgvifud Myt desmset of opti cal
el ements. 13. A nethod according to claim 10 additionally conprising the

step of re@}iavilrglity af dptival elements 8 fso @S te defiiie asﬁhﬁliﬂ% ik iiafy and

determ ning said delay. 14. A nethod according to claim’10 ereiff said

appar at us ad@hﬂﬁma&dmaﬁqi@fﬂxe‘&ﬁﬁeﬂ&téd%?%&idmtnﬁa{a{ em of wavegui des, said
wavegui des adapted such that the |lengths of "a plurality of said 10 |ight

B oot e, L e aar e o ol Serie B L) T g
modul at or - cOBgdnPdi%er@dd b said optical elements through at least one of said light paths;
10 (e) a spatial light modulator adapted to select a path from ;mong said light paths for each
pass of a said light beam through said optical elements;:-
(f) an output mirror adapted to reflect each said light beam emerging from said optical
elements; and
(g) at least one receiving device adapted to receive a said :light beam reflected by said
15 output mirror and determine the delay in the light beam. |
2. An apparatus according to cllai:m 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 optiéal elements is selected from
20 the group consisting of mirrors; lenses, gratings, and prisms.
5. An apparatus according to c}aim 1 wherein said output mirror is 5djustab1e.
6. An apparatus according to cléim 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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pel ari zing spatial |ight nodul ator adapted to change the polarization of a
said optical beam directed to said spatial |ight nodulator. 16. An
appar at us accordi ng to claim 15 additionally conprising a beamsplitting

devi ce adapy, ony Lo direct a said optical beam along a SgihfdebsHiky Pat h
dependi ng on the pol ari zation of the optical beam 17. An apparatus
according to claim 10 wherein sal d spatial |ight nodul ator consists of a

deformahl e, m rror devic ti.a at or to reflect_a said
optical hef ipBaaps ai"&%fg‘f’gpﬁ cl aYgg“f}PLﬁaﬁ ﬂoﬁgﬁ ‘f“liﬁ%‘i fostsis of p
P Err i P LT

pol argzmg spatial light modulator adapted to change the polarization of a said light beam

directed to said spatial light modulator.

8. An apparatus according to claim 7 additionally comprising a beam splitting device adapted to
5 direct a said light beams along a said light path depending on the polarization of the light

beam.

9. An apparatus according to claim 1 wherein said spatial light modulator consists of a
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:

@ 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
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¢) down-converting said optical beam to an output signal.
11. A method according to claim 10 additionally comprising the step of adjusting said input

mirror to appropriately direct said optical beam into said set of optical elements.

12. A method according to claim 10 additionally comprising the step of adjusting said output

mirror to appropriately direct said optical beam emerging from said set of optical elements.

13. A method according to claim 10 additionally comprising the step of receiving said optical

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

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 ac_:cording to claiﬁ 15 additionally comprising a beam splitting device adapted
to direct a said optical beam along a said light path depending on the polarization of the
optical beam.

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

least one of said plurality of light paths.
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