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WO 2004/ 038849 PCT/ EP2003/ 013336 1 TUNEABLE PHASE
SH FTER ANDY OR ATTENUATOR. The present invention
WO eldtaess49 0 a phase shifter and/or attenuat or PEIEPI003/013336
particular to an optically tuneable phase shifter
and/or attenuator capable Qf operating in the
m crowave, millinmetre and sub 5 mllinetre wave
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An optically activated waveguide type phase shifter and/or
attenuator has been disclosed in Patent n°'US 5,099,214 (ROSEN et al.). This
device comprises a semiconductor slab 24 that is attached to an inside wall 12
of waveguide and which receives light from an illumination source 30 disposed
in an aperture of an inside wall 14 opposite inside wall 12. In US Patent n°
4,263,570 (DE FONZO), a piece 20 of semiconductor material is attached to
an inside wall 22 of a waveguide and an inside surface of said piece is lit from
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wOEABRBOD3/ 013336 2 outside by a |ight sour cRCI/EP2003/013336

t hrough an aperture 30 in a wall 28 opposite inside

wall 22. In these prior art docunents, where

illTumnation is fromthe opfosite waveguide wall, a

| ossy resistive |layer fornms inside the wavegui de at 5
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means t hat thghlnsertlon |,osses al ways

and That o I GRETEPEOT Gt APGHRISL. tebsies WA s iartam the
appeisiaividveguideewal e fossg hedistivg (gt el indiie ﬂH@fWéVegulde at

SR o LR 0 BT o LS of e
%ﬁm@@ndmisn‘ piege otlelabatv\dmialmeﬂns) that thengisartidre lasses will be
RRjrelanlichat Qt h ldvel 8f Ild?ﬁ i&h %Egs%ﬂgqgjo%%m%LSlPBﬁlcatlve

Sent I'nvention oVl
D&@éﬁﬁ hi theﬁ@@itailoea;&g?@velyofhl@ﬁl@hbﬂ@\@; sdnouid beogenesally high
dhoughmet Gefied/higH Befbity 'd‘FQia’rhérsW%'lé’d&Hés photdlséRsitive

| t A t
W?ﬁ@gar?b&%méé"'éy 3e%§§:q 1”‘@ ?Fijeof a |:S\ﬁfnsBSPce 15
and/ or a phdt is- ﬂhemfona‘:an&)bp@étedsf i thie maeﬁgm;vehﬁ?m \t@kyovnde a

ificati
e LS 08, e SRR TSGR W i
ralinegtrial amg/or isaibimilliméetniat wevelehgthisghiith Ac ciommoved ttoneability.
Afdcb?cﬁm?%@etﬁé ln\t/é}ﬁo?% HRENE 3})@/?{@&' %Ytlo‘ﬁ 8f a. light source
t uneab ase shifter and/or at or co
gauP @ %@@pﬁ@Slé{e matetalsiased d’ﬁtﬂt'é(elyl‘i@ttber"@@'{ﬁg‘%‘@@@nd by

pﬁ'@\hérn aé n@bdﬁl@ﬁ%ﬁ G‘ﬁth@'c@rr‘iéﬁ:dm:éﬂgéhgﬁ vl @ Hbto-responsive
nnel i ght source dlsposed

na%.p G%V *}%'”W“O@ (!I'an‘o em t Ilght t hr ough an
aperture of Aacarding tr adirstaspedt othenpiosgat diveation!gasides a

t@ﬁ%éblé’f ngf\ bP'%n%%r ?ﬁi@nﬁtﬁ)rs 29%512%&1@? rflﬁgggﬁ'ggehe\gng a
cheanel and B)pf@)kfafﬁgﬁn@@sﬂlﬁdnefewle&:dispesw ddithirothet wave@fide along
a\HaMﬁélrWaﬁ‘%vall""of Rak cRAR] Ag) Hiesd[?er g %p&%ﬁ%@%ﬁﬂé’@he wave

OtQ nsive materia
géﬂrCEech PEH lgh’f raugh, g @petiyee msrasct@t@mad meall to Impmge on at

Iéﬁmtp@ftr @'Selmﬁﬁts‘i/cfe ﬁﬂfaﬁ{jel ?11 sdi @9_!}22) iéﬁgggﬁ%tr%ﬁenaﬁﬁﬁc%mg to
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metallic i's 10 a
resgighizalyl |Trﬁ@ Bh@@@% of filee \m@é@m&p@rbedenmartemmaﬁaemgoﬂts aperture

chh RhAiSP d. %}b)@lﬂ’aﬂ ght ~ (smaller wavel ength), to

enter the way e size of the grid depends on
The phase shifter may also mcludg a pIuralIi%y of metal strips

which extend across the surface of the photo-responsive material facing the
aperture. The purpose of this metallic grid is to avoid the internal wave
travelling inside the waveguide being radiated outside it and also to allow light
(smaller wavelength), to enter the waveguide. The size of the grid depends on
the frequency of the radiation propagated by the waveguide.
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the frequency of the radiation propagated by the
wavegui de. WD 2004/ 038849 PCT/ EP2003/013336 3 In US

wh2@9038819, it has been al so suggested to spaceCHEPRI0ORH13336

off wall 12 by a distance x that may be such that slab

24 is centered along dist an$ n desi gnating the
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i nside the wavegui de and 5 spaced fromthe wall is
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sﬁieﬁ rﬁételrlaﬂsiheoﬂlghﬂ%@@rc‘eh®blr{@%d[ﬂ?§téb|@f il tlﬁtefn‘sﬁ){ Bnd/or

onsi v terial |ayer and
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thesa/hﬁ\@hgrealﬂv giﬁ@emt ¢ffeciive @umimwaaelengﬁxsamtphaml
view of a typgallBto-responsive material may be photo-conductive
material such as a semiconductor for example Si, GaAs or Ge, whether
intrinsic or doped.

Embodiments of the present invention will now be described
by way of example with reference to the accompanying drawings, in which:

Figure 1 is a schematic cross-sectional view of a tuneable
phase shifter or tuneable attenuator in waveguide technology in accordance
with the present invention;
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phase shifter or tuneable attenuator in wavegui de
technol ogy in accordance 35 with the present

WO poogfosssen; WO 2004/ 038849 PCT/ EP2003/ 013336 ECTHERRIDE013336
2 is a schematic cross-sectional view of a tuneable
phase shifter or tuneable at enuator in wavegui de
technol ogy i n accordance iTh the present invention
taken along the line A-A |n Figure 1, Figure 3 is a
schematic crigigesds imsahemiptio apss-sactianabvied of a tuneable

phé@@aﬂﬁérnar MU aflehistsA M Wa@@@ﬁﬂest}é'cﬁﬁﬁog?rm accordance

bl e att.enuat or wave de~“techno
“ﬁ@‘ctg%d%{ﬁﬁ%m\/wwﬂtt%‘etab?%§@ﬂ9 RVERtA-GNIN Fdﬁkﬁ!rq:":gure 4 is
a further s t Bciscosshaaatit chrabsweﬁumél vuéwdldﬂt feRilation

ting throu ne e e shif

Romiiiie Mol aforiiak e BTRE AhdtbEgbRn attenuator in
wegummehmblbgyumacmrdaam withvteatpresent IventiBhgane 5
i 1Tustrates Célﬁ' MRS by ﬂ{ﬁ#%iegéﬁé:rhgﬁé @ro% s%'ctléﬁeﬂ (ﬂgw of
1) versus p on wavel e n
redipfion Hrepagafingriérousthy &éanﬁb ¢ piege shifisir qretusasblpmitermator
.meégmabhebﬁhd@@@ fi‘?é&i’o?darﬁieg\mtﬁt %E'éhreseﬂ? frﬁ/%ﬂgéﬂe of

l'ight reflec Ver sus

nsmtte
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Y Vvdrsus ppetdr webél)angm@w hagorhetds). he percent age of

nanomet or o) FIUBLD dlslBle ﬁ@"fe‘%%%aawﬁv 7 Bh e photon
walelgngih ToMan@anhégteemd F&Roe {1 Ithe . perdeintageesof lightl flected

t%@%ﬁ%@%}fvﬁioe%%@gﬁeﬁg@it %\%ggnﬂﬁz&ég i\‘?éle%)th in, napometers
%LHM% thhan Wéqesmgtlv\elm @i figineed ﬂ@perq&@tag@@fhmazsorbed

° Vegiegtsde Wéﬁ%vd‘v%?él%t er'?l‘x‘l hé‘nérlhg'hr esﬁ?ggrﬁglﬂg{gﬁt‘;%ﬂ%afer
change i
t@ﬁkq%ﬁGﬁg’&eﬁhggu 809&/#\/@&U| de with a dielectric
pi ece of t |hL Ekass 9tand11@sha\bv|théf¢ll’;é;lé©ﬁlcai]’(?g\stdgﬁ and%an § of Si
erein. - Figure shows
rééja%gtgg&gfaq W&g\%\%ﬁ (l nmllineters) as a
function of - flriggreet yshaBke fhe M\LQemgth\R-imSnilm‘e@eﬁ)deIde a

%8 @/a\?)QBTMdEWé‘fgus @Jeﬁﬁgng lrﬁ'tl"l__é Raab A ﬁhferr&?; 2" ge in

erent “I'i'ght condit'i on re OV~ CUFVES
'%ﬁp@'i?én%(/él engths (in mlllmeters) 30 as a function

of frequency i f1<2ra %nw?ﬂ%% WAYRD @indeniYdrhBgéndb BHE filled
fferent t hi knesse

\A@dggupp) w1t§0§ dl?ﬁepync RE66 011( ﬂ]lgk Linya wallgthy e‘;\gofS and the
fuliddnesretal modghitE g timshiein. ons for the thi ckness of 1000

R - Figure 13 shows curves of the wavelength (in millimeters) as
a function of frequency (GHz) inside a WR-28 waveguide with a 300 p thick
piece of Si in a wall thereof under different light conditions.

- Figure 14 shows curves of the wavelengths (in millimeters)
as a function of frequency (GHz) for a WR-28 waveguide with a piece of Si in
a wall thereof with different thicknesses 300 p (1), 500 p (II), 1000 p (I and
IV), and two different light conditions for the thickness of 1000 p.

- Figures 15 and 16a and 16b show an inhomogeneously filled
WR-28 waveguide with an inside dielectric piece spaced from a wall of the

waveguide for resultant modes respectively TE;; mode, TE o mode and TE4
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- Figures 15 and 16a and 16b show an i nhonobgeneously
filled WR-28 waveguide with an inside dielectric
wper@eessspaced froma wall of the 35 wavegui dePEDEP2003/013336
resul tant nodes respectively TE20 node, TE10 node and
TE11 WD 2004/ 038849 PCT/ EP20Q3/013336 5 node ; these
nodes are not equal to the des of a conventi onal
rectangul ar wavegui de. - ure 17 representes the
Made | dieiehmadss Are Mokefleaklp tgﬁ reedes pf @ saguentienakberigngular
wadddgilgda VR 28 wavegw de with a 300 thick silicon

dark 5 0. 85 rom of a .

vvg\r/egw dgl ? greég‘@pﬁ?‘fgﬁﬂprﬁﬁgﬁ{m 8SW%YﬁJe@@t¥‘f(§T gHfimeters) of the

propagathat modekdnsits a:WR-Qspﬂmhgwdé it 4 300anthick snhcon dark
[ LI ' C ece

EEE Sh G D P R 3 vEALEGR WHYelhlde B JRuRERd TESHodes

andedifferentsbumination rheteats Qowedpcbmdan@rho diffdrani densites of carriers

|ﬁ§|@é€t§e %f"ggn?é%c@ wavegui de with a piece 10 of Si

space froma vvaII of the wavegui de. The
t uneabl e phas¥dhigtted 8 ilstiates prapagatipn atidifiarest freawencies

ahd Gﬁ(ﬂ@’f $|ﬁ%ﬁff§rehﬁMQ§ﬂhéiﬁ>n1§tafe%VdJM V@RCZH‘%% @i BérWiﬁ{ a piece
xé nds the (%E %vegw de 11 and
0&% aﬁ?@??ﬂﬁ BImdgm ﬁ"‘é?ls d e%avggut wavegui de 11.
The tuneabl &hehaseable phase Bhifteay1d Uhjshe}fedtﬁﬂﬁi‘gtﬁésal and 2
t
hitisesoa Wardda A, Rafif £ eBtiar khffadt 13 Mgy cipngts the
|@@G‘be0f dhe waneguide tHe andvaguapistisgsioemedain a side 13 of the
&9 ﬁ’oﬁfHth%llqleQB% Hefd s?hlffeirs ?ne% Bt th@)ﬁse a metallic

channe(F egU| de to exten
High<¥ énﬁvalct (RdiglioRsaf thremigrawave enmywavadrugtbamnavave inside

the wawegmmmro@%@tsude metwéxﬂegefné Sydtbght at a
certal n par

th
responsi ve ﬁPé?ﬁoar@SPﬂ%?' ZN% % Q’Z%R%%da‘%@?i%@e ichannel 12

didheewayégiidared sovasithlextend substaatially acboss&hﬁr aﬁet@ure An
i. 4. S { hat

etd' @téb%t lrt]a%létg)glag Srcguétshgjﬁtt ﬁ]geemﬁg\@ﬂﬁ fq c%ﬁlg,rb gﬁx{t of the

su@e@tfa vahersrf@e pifote h@Smﬂﬂﬁu\tﬁ rr@éeraﬁisnsndenhwva\mumebe@rbs it

HXtek r@i@tfr%?é‘d t\}‘i'élﬁle?’gltf1 ' S‘o@rcé 'o‘i‘q}ght?m@fls Ht%ted outside the

wave ot OCOﬂ ductive naferia

wayeg .Ktecﬁwh el lﬂgfilatlﬂe radipdigi ferm e 1soxree 114 i incident upon
arl ém @ﬁﬂ@phdtbqegdibﬁsh\% VRjek 1@9®tﬂb%ted by tHeSa@er@@r%dSO kbrmed

m a@é dqqg o) r aé(ea e i\é\/i& 6nc?uc l\Jlgs’rlna{mna:f1 is p‘faced

djmlctly plgatnst thes mnegmdemmlIeandths kblammiateyl tiougih the wall against

itCi%cbﬁg d; tIPthe |Fﬁen‘g?§/ gbﬁl\e‘é@lﬁf{lcderqt e%y téﬂ? t%ﬁeﬁ %I?ormed
at il g@we@ua‘ef waH/ph@tOgmso@nweemet@grah baumdarymracb imsosest to
ths v@&e‘gﬂﬁié Waﬂk‘?ﬁﬁsla?ér Elli@nggééaﬁte gﬁéétl\)e' ﬁﬁtﬁ%ﬁrth@@vév%gwde
vg}\g etresu ts in a change in effective gwde wavelength and hence phase. As
the thickness of the quasi-metallic layer 26 is depended on the light intensity,
so is the phase shift.

The photo-responsive layer 18 may be of semiconductive
material, e.g. Si, AsGa, Ge.

The waveguide 11 comprises a silicon or metallic body 15
having a central channel 12 substantially rectangular in cross-section

extending the length of the silicon body 15. The width and height of the
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The phot o-responsi ve |ayer 18 may be of sem conductive

material, e.g. Si, AsGa, Ce. The waveguide 11
weomplssses a silicon or netallic body 15 35 hewi/Rp2oas/013336

central channel 12 substantially rectangular in

cross-section extending the_.length of the silicon

body 15. The wi dth and hei ghf5 of the WD 2004/ 038849

PCT/E 003/0 3336, 6 channel 12 may be as is .
ZJnay IBe apps Weuentﬂpr}aél&t%m@éwad indeelgnigytar waveguide

mrsauwm | owerEheedimdrittor SBhS AHNBody 185 $hay SQ%dJusted

be a%J usted according to prefierence.

&}Cryﬁgqmglﬁpgejggenf of the silicon body 15 may be coat ed
5 with a metTad innef isurfatds 1|6r@1f&feabllwom$3bdg f®ay be coated

v? %ph%ltjéé@é:ﬂ@ﬂ q’eﬁ?éfe"ré@g l%r\’?% %gqr]rwﬁ% \?%Céj% qe&gﬁltlon and

qie@tyoplgtmg rechiievesh uBuialdenatetals nior ecbating ther:leailcpn body 15
m&@&@%@%@@%m%%ﬂ nﬁkél"ﬁfog?gg bl%%d chik lUW'?t Iveé and

ti ts to reflect o]y E)ro agat I
9(0:@ ﬂg%@ﬂ?ﬁagpoemg dHapgls| to peflest dadia ﬂgl@ropaﬂeﬂng along the
legthi mgthls? chaMne&loNRr | A@c@r@h’ngl?—otH@ESéﬂn@@ 1\')?theﬂ/ %smb‘ﬁ%e any

I radla 0 él ernatlvely, a conpl et'e
rﬁ&e&n ng'cvva%%ﬁ?ﬁ eeﬁlﬁa tionexampl e by a milli ng
machi ne may P&btermmmly, Aac aosipistely Q’ﬂeﬁal‘ll.ldmﬁ/@\l/égm@@l. made for
i r I appl i cations using
%%@%XW?%F‘ n% még %gﬁ%?r‘ijcz)vm and is described
for 15 exaﬁbp@nStWCtIShmfdﬁﬁta{deommn nedeyvideguifateterahertz

afp@lchst' G‘ﬁh@rmﬁ’&n%‘ ié&ﬁhﬁ{u&%}‘% ol na?ﬁd is \{Jae%cﬁbed for

m Procee I ona

%9% I §8ch ﬁ?@@@htn?dTeMﬁ@% s Afon Mtﬂﬁ“ﬂeter and
S‘Ahm'”'meteﬁﬂﬁ/‘a%%ngw Sl and S%Eb@iﬂﬁpmr@)begdﬂ?@% Third

eSS SRS SR Soacn, TR € Foorfispiah don Aty M, po.
3M6v323199arciThé9apeandr Bvifobommdhining: Her sTeieQé&zOprfphCatlons"
ORLERY LU e L TS, Y44 0945

Nave 1 @ﬁ@egw de 11. The aperture may be rectangular in

shape and thha r‘fﬂn@t fbrﬁi@beti@%ieaélhé $3 ”6# ﬂ{e t\/\?é\}ellﬂﬁude 11

“tedr@'%aaﬂawﬂ} @?egﬂ] 'B9n P#EYdEQ anedha@e@é ceatlrwés?eon one of the
I tyelr tsides ofahetvilm/e‘guﬁiﬁmeWh@famﬁrrétm be FeB@haLlay |n shape
ST R SR i o kP oo
lgstgth of thess ppedineds chefdctetized b the tibsiret dagyare dhshase shifting
afl g ﬁég@%’l\fy@s&q&ghéﬁ '(Egn&%ﬂggﬁegﬁlﬁg{@}%t 188 Egmhe length of the

sem -cC asso
aperture (or rather the Ionger the exposed region of the photo-responsive

reflector 18), the greater the degree of phase shifting and/or attenuation.

The semi-conductor layer 18 may be associated with a
plurality of reflective elements 20. The layer of photo-responsive semi-
conductor layer 18 has for example an upper 21 and lower 22 surface
substantially rectangular in shape. The width of the layer 18 may be
substantially similar to the width of the channel 12, whilst the length of the
layer 18 is preferably longer than the length of the aperture formed on the side
13 of the waveguide 11. Preferably the length of the layer 18 is only slightly
longer than that of the aperture. The layer 18 is secured within the channel 12



10

15

20

25

30

35

30 plurality of reflective elenents 20. The | ayer of

phot o-r esponsi ve sem - conductor |ayer 18 has for
wex@apbss4an upper 21 and | ower 22 surface PCT/EP2003/013336

substantially rectangul ar in shape. The width of the

| ayer 18 may be substantially simlar to the width of

the channel 12, whilst. the léngth of the l|ayer 18 is

the length of the apertur
ref % a@gw%qgsééfg%rgighgflayq% thjmsd@ll%jantlally across the

si‘fu?é Fohed e thengtls o4 dfhﬁe'@ﬁ@égrd@elﬂ O”Ifl”)é $yedhéf Yhoto-

Ion%er tha t he ertu | ayer

sSaaruee Wai 168 shdied] ! 12%or example
bi}@/tmm@ﬁé}/dfmtmélvehmﬂledm tha‘eagslﬂeﬁl of theclyehas dxtending

t#e§/¥)ﬁ6 Jilné Igﬁtﬁn&s’thﬁu%@é@%' (Ietle&r/}iaa@r &53‘ 1wa$%§u1fi§>)§lmade of
roetalissdsilicoss [pyas il Benamberintgpral gvit th@ewawmld@ a wal |
23 of the Ch?fé”ﬁhot%zrefsﬁbnﬁﬁérmbférlalpwBarrLég Pe 6‘{5(&5? -nductive

ends ,
{l‘éﬁwynﬁg’%pﬁéyéﬂ%stﬁﬂﬁaweﬁé iRtriswsiq ﬁ@‘cﬁﬁerﬂﬂ@‘éfeVef alternative
pﬁdﬂmdmﬂleymatérldlél v hiety B Gy I5ke ub&d rmﬁi@d@fbutrméa{dtluﬁﬁ@d to,

Aé Iayer 18 nay be infegral with the wavegui de
% %ﬁgt% ‘responsive material 18 may be

phot o- condudVher ther epticalbradiatiorsiist mcilemt t apdn alhley esposed
§ 'E:bn§'1CoF'théCgﬂoto%‘éﬁXﬁéive &%F n% éﬁoto gxpitec Clc&aréers are

responSI V e use
%@ tedrad aniggiqn nﬁéarefbetwrfacedmea%\@chmme thendistecthie constant of

tﬁ@tdh@ﬁi rés%@'n@lvb‘?ﬂaie?la! AgIiH et rugieR %%g%pg;%%@rally referred to

SUT Cg res NSl ve

@sﬁ“}o Tar sf et EETIREHARE cth ﬁt'”ﬁd'la&fﬂ swrfaee? 1 of the
pﬂmeo-sefrrfm&/lehate‘k@ dgdéargeyen berefidett simikar ¢8ROt a metal
b 8o RO et SFPPRSE LA Cob e PG5 i v
dee!fdeekt:ua suﬁﬁylen'ﬂ'ma hae¢ lcesmalliingrease phéhe realdizat ofithe dielectric
COHE{ARE %sgéc%tfedt\ﬁ ith a%@e%&%%eg%?'twf rﬂ?@re?f;fﬂ)a&%f ¥ dielectric

even be rendered simlar to

cgepEde i dhigpraint, Hee iphotmEgsppnaivetiateriad i1§esan bptregaided as
Haaihga i Qépan"é@é pMdt@-lﬁdljo‘éd pavdtRe \d e'rs(réf%f'éh&-:l #mdral 26 in
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pobperties iofelhe maeteriphin defpit hice. déstlemtitily ehe2imagitsir@Part of the
d%leétjﬁg%gﬂg{a%w élpﬁbe‘)@?%(glgggspon& ve material 18 can be

ate phot o-i nduced resistive
Iayer (ref elénilsé rbeerptiotedesponsiieqguneatdiial b8 fisr generally
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R4S BB o e rody e e dDOT5mey
usbd. Mossmgy] tthe ptmtosemrm»wmatm 18fis pheferdgypaliicoh! |

occur. Accorl'ﬂénﬁt]e}/lme o% the photo-excited carriers are determined
primarily by their mobility and the availability of recombination sites in the
lattice of the photo-responsive material 18. By increasing the lifetime of the

carriers, the lifetime of the photo-induced reflective layer can be extended.

Accordingly, the irradiation delivered by the source 14 may be delivered over
shorter periods of time. Not only does this reduce the amount of power
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t hi ckness of the | ayer of photo-responsive material 18
may be for exanple between 60 and 100 pm A hi gher

W@ hiogksssss up to about 1000 m may be 30 used.PCT/EP2003/013336

Mor eover, the photo-responsive material 18 is

preferably silicon. The lifetime of the photo-excited
carriers are determ ned pri Rari | y by their nobility

and the availability of reconbination sites in the
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byaRavieg Sa phbfo-F&sRPRAR 1dyeR &f ol fedifiafte StHd WiodeS surfaces
have not been pacified.

The plurality of reflective elements 20 are formed on the
uppermost surface 21 of the photo-responsive material 18 in the region
defined by the aperture on the side 13 of the waveguide 11. The reflective
elements 20 are preferably strips of reflecting material. Accordingly, the
reflective elements 20 are strips of metal, that may be arranged as a grid. they
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increased. It will, however, be appreciated that fast
response tinmes can be achieved by having a

wW@boto3ssesponsi ve material in which the |ifetiPer/BP2003ie13336

phot o-i nduced carriers is relatively short. This may

be achi eved, for exanple, 30_by having a
phot o-r esponsi ve | ayer of | oW resi stance and whose

surfaces have not been pacified. The plurality of .
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| ayer 18 of ive materjal and is

hot 9- r.espon -
pref erabl y éﬁ(?g%'ﬁ{é}fl&? SF‘FWE%P‘P'&BQ’@W segreqpf plise shifting or

atienuagtiomatyy n@w}svijhé)ilmnﬂhaﬂitﬁ?bfﬂh@fﬁl"wt@ﬂés\b@{d@ibé ?@ét@rial.

in fact hayi 1 he 0 freguency. spectra for
;bsorti on b%éf%ghgh%%%es'ﬁgﬁ%S\reraﬁiﬁ{'é)ﬂ RIoNFgaYNI alpag the
lesgie of teg uihasmebfl 2t ofetheowevegdidewl 1 lis defiestad uptemally by the
SRR of s nﬁ&bp%athgé;ew. t WI?er?fthé)r}QaﬁiiPﬁﬁggﬂgﬂdgﬁt upon the
terial 18 and the gree of phase shifting or "~

Pg&péﬁ%@@mgﬁe regigrirbl@, the radiation propagates a litfle inside it due to
its reduced dielectric constant. Upon reaching the uppermost surface 21 of
the layer of photo-responsive material 18, a proportion of the radiation is
reflected back towards the channel 12 by the plurality of reflective elements
20. A small fraction of the radiation is transmitted into the air (indicated by a
broken line) and thus exits the waveguide 11. Owing to the angle of incidence
of the propagating radiation with respect to the photo-responsive material 18,

no internal reflection occurs within the photo-responsive material 18.
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An el ectronic circuit can control the degree of phase
shifting or 25 attenuation by neans of the

WO bdownsasad i on of the photoresponsive mnateri al . PCT/EP2003/013336

Referring now to Figure 3, radiation propagating along
the length of the channel 12 of the waveguide 11 is
reflected internally by the 1Qurfaces of the netal

coat i ng 17. When the radiation is incident upon the
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In the device shown in figures 1 to 4, the silicon is illuminated
on its face adjacent to the waveguide wall. This is important as the electric
field in a rectangular waveguide with a semi-conductor inside (placed close to
the wall or slightly spaced therefrom) is highest in the middle of the guide and
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has a phase (or anplitude) that is substantially
different to radiation propagating along the

wowronensssde 11 in the absence of the phot o- sensPCT/ER2003/013336
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20 the insertion loss is kept to a mninmm At | ower

light intensity, the lossy resistive region wll be
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19 npltq%@'thébﬁﬁta M@dﬂhc@nqﬂh@r@pﬁwm@su@‘ arousd OXFE mm, 2.5 cm
a‘#xbnm‘ﬁhpf’ésﬁéfctlt/é‘l éi'l&aﬁébebn]o%(l tl&rﬂﬁyéﬁﬁﬁ%ég@p‘%ﬂo&p&ﬁaw

S| Z€ aracterlstlcs O-respo

2r1e?yP3§‘@tﬂ¥r°r1%r°é‘HH 10%re0she EﬁChtrﬁ el elanachtopigierably has a

widiid, slethgthl 3ard ﬂwmnwge@umuﬂa U@ymail 0bEs Frith | 8R@A5D0 nm
t he phase .shi ft

d d f
S, it SPGB AR B it 2Rt B .
for phase shVititstndhe eealt&rchmeﬁt edastribeels abovewch@prises a

VENSEHEE ORI o sl Spetrs e TR G o $6r 10
HRNEID Bcrossihe epspue, itweillyoe awrgcqateﬂ/thaaéiwa apevieies ohay be
f@rWiecPfJn J@QW%\H&“ o?rt‘Pl'én%aQ/eQuHéZ 11ACC‘P\W8' Bgdr)ﬁor%%oto-

i con wafer used to construct licon b

f%%&%*%?&ﬁ%@@uléft ah bgrRmploys rﬁw ﬂ'rﬁéie\%@%\pf ebaw Aifting or
atténbafien mmiealfa@kl & deheloobler tﬁble’@oﬁr adT@}@ler dihwill be

<BhracifeRRRRL P e dRe 8F TG Yest Jo S il sl cgpoiing the

lertgh ofphe sumgls gperitgepref pnetbirespomsivel réflentor The Neageheless,

a%l‘aé%%ﬂfté?éﬁﬂgﬁg\ﬁ? tW?)t Slr @r% F}J%rtﬂt%ggaa?{g}ytwlpgﬁﬁgorg Hhoto-

r%’iﬂ?”ﬁ@’%'ﬁﬁ’?@sb%@’t"ﬁb@b% caﬁadﬁ@@d wheothe siden r&nldagzmarbwlar the

[&riteh Wﬁﬁé@@%e%%iffe?‘?@a%@ngﬂts'kaHél@l@thbnor around 10-50
nm Each re[leﬁh el enent pr erab

| ength and r%?'af&?rdotﬂﬁﬁ Ry Qfa'ﬁ'eﬁﬂ%‘/\n%ﬁ&?r@@ﬂis 20

rmm beeasnitiedi Weltis stuatispasome ﬂ@ﬁhvﬁeﬂﬂrafdﬁtlr@cn%dc{jklﬁllon must be
e, enbo

oE TR, B, s BB RNt sTRetE o uoHatBl o o gnctuced

reffastivelayendf is eintigleugy presants fonexamplaythe irt8diafidn source

13’%5\? @bﬂﬁn@&déﬂiﬁréﬁeﬂﬂ% é)tt#ﬂ)rtc? reé(ﬁon\g'i\)e rel?lgcf'?)[?plréﬁe |tﬁltr§§i ation.

ANREal g g et Sotira i st Sllyee potid, chihy stensity
irRiidgbri.hen be enpl oyed and the degree of phase

shifting or Rather than forming a plurality of reflective elements 20 on the
surface 21 of the photo-responsive material 18 facing the aperture, the
reflective elements 20 could be formed on a separate element such as a glass
plate. The glass plate could then be placed within the aperture so as to rest

on top of the photo-responsive material 18.
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attenuation achi evabl e may be doubl ed, tripled or
guadrupled. It wll be appreciated that the sane
wao ewhosssad ef fect m ght be achi eved by doubl i neCT/BR2088013336
| ength of the single aperture and phot o-responsive
refl ector 18. Nevertheless, ,a phase shifter
conprising two or nore apertmes 30 and two or nore
phot o- responsive |ayers 18 m ght be consi dered when
the size, anlde Bhasg shifler 40 may alsemgniprisef an ladtepiiate, such
#h MVafibbleSotice® bttEHSateP D (Qf’ﬁgér‘lsoﬁe fc#l)rt véﬂ‘ia{tion*%q[l the amplitude
pﬁrem ated. that _the p] urzﬁlﬁlt of reflecting elements
36 e PEOR3RY BiNatioadvith phege shift.iarA skwpledbneableratiesuator,
ricotirrteasarily ddjslhiatitorthelsiaskeshififbiderid Morébesr, both phase
hot o- [.esgons(lj&/le.rﬁaf ector|18 suc tgﬁ\t a
PP |G TRRAUIRLeT oL Signgl 1§ WenROssBIRont i nuous! y
present. ForSignalsalt eillintetre waadieagtisnregpirece walidgamle having
[ LT ' t -re By lector. .
R BiRuRnt ;IR R 1% RRRhRECTRISTINRED; dfedllendies
Awserdiaghs thendagsee i rpgsgitde phasiegshiftingeiss faducedoowing to the
relneet alaitien of Ffﬁbtﬁ):{:@iﬁﬂuﬁé(ﬂ Maer QPFHKHE%}, | \W?fh oﬁespect to the
reflective el enments 20 on the “surtface 21 of the;
WG9S ShRiERE v e FRYYRYer a I thisg redeetian tIRe PABERt Ghiting hean be
ooedpeatiatettbp hemgtas?a@tocmsf)d?ﬁee f{_@ﬂéﬁt@r Wg?eﬁtépwléh h.
at e. ate

I t he gl I d
oSNt Shh e 8 aaBhghs Bl 438 B Pabren
torthe gpopdgating gipoalo sigmap ditortienraicepowker Idss ¥@enerally low in
R ARG RSTEERRRLIG S 13 The phase shifter 10
may al so co n attenuat or,

rise a such as a variable
optical att Sprﬁl@afcﬁﬁwlﬂgor@i@ﬁ@ﬁet@sﬁleeaﬁ‘@hteg?icéﬁalpﬁé fon a phase
shifesra@rhi thedsptical prolferle® RAGAIdORIWhRAT 3! BEViddhtRBASE) the
.shift, or a sinple tuneabl e attenuator, not .
NGRS AlIPYS RFRATAEE 16 RHBPIGK B E0YRiHerTViy ibyeftbe silicon as
iﬂ\i_brilﬁmlqiaatecbm A s@ha@ofl l@mmﬁirﬁmlbécﬂ M@_le{ﬂ‘ilgﬂhé.at ion of a
signal ist 0 @ Signal s _at inetre . .
wavel engt hstﬂﬁ‘g'&'gﬁ(z'l' gf %ﬁ'\?ga Vd%‘eﬁgéiQT&‘ neai-fdraredivisible light
s@unen irodigcash dine tdeiteraiion tadr aleetron-Hadabpaitd, | thust pejducing a

. e: S

PTG ASE B APk 0 RE R AGSR Byptopat o
thg ingidenitighb- i nduced 1 ayer thickness with respect to

tﬂe 10 \Q@VSM@@s&ﬂig@hiommmYdﬁncgt%ﬁtﬁﬁﬂi@ﬁtjﬁi W@ %ilicbn wafer,
R By e i R0 e moPerioRe e mabrintarediyHowss

t he phot o- r #hpamsowe oftight ieflectR inargigtsfadd Air-silicon is:
transparent to the propagating signal, signal

di stortion and power loss is generally lowin

conparison to ferroel ez{[g(@,-éha*sef)shi fters. 15 The
following relates to thé a?gvap)tlage obt ai ned for a
phase shifter fromthe optical properties of silicon

WHEIré s = as + feRandde Rt thkirgftabliord MBiex of the silicon.

For absorption coefficient values greater than zero, the
percentage R of total light reflected can be determined using the following
equation :

R~ R1+(1_R1) . R1 . e-a-z-t -(I“RI) . Rf . e-a-Z-t + (I‘Rl) . Rll’a . e-a.4-t _ (I'Rl) . Rtli . e-a.4.t +...
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inventors, allows a change in the conplex relative

permtivity of the silicon as it is illumnated by a
waewrosssad |ight in infrared wavel engths. 11| uPdTEP10031013336

of silicon by nmeans of a near-infrared/visible Iight

20 source produces the gene&§t|on of electron-hole

pairs, thus producing a ma. This plasma is

directly dependant on the intensity and wavel ength of
wheee thesiodenefficieghts the agsosgtinmeoaicient afnbiedsifieen @nd it is

déﬁ’@hddrﬂ R the Iighe waiveldi @i eeefiguret NEAAPH @t@tﬁlﬂéfess of the

expl a|n the properties of the material are as foll ows:
sibeprrwafeinount of 1ight reflected in an interface
air-silicorEasti teRn_if nthel)igfiniten; serick- i nasdodidted with the

sy Frnfeichslas. fe BB pluh S e Fe et dug spicon
whafean Similarly,t the p8OcgnéricararaigsioR bof camtbﬂ dlef@mmed using the

n be determ ned using the foll ow ng
f&lgmﬁéﬁﬁtﬁg c RI+(1-R1) Rl e "' 2't-(1-Rl) R2.

"-2't + (1-R1) R a""'4"" - (1-R1) R e""-4't +..
V‘D 20041833849 (PR ) ER2QOBHPLR3BR - ¢47 WieRe) ‘s e & +.

coefficient is the absorption coefficient of the
silicon and it is dependant on the |ight wavel ength,

see figure 5 i s th sy, of .the, silicon
waf er. Eac hW?%ﬁéﬁ?'FrPe{ﬁ%“ %soﬂ?qc}épgg@tﬂ S9iveh ggSOCI at ed
with the 5 successive defl-edR#+@Ns as the |ight
bounces between the surfaces of the silicon wafer.

Simlarly, the percent transm ssion T can be
det er ni ned TReegremrssengalbiwe gegiguaaf strong optical absorption

ln(énﬁ;ﬁ Fqgurte £ 3h&ivs TH% aBsbrptidn %%)effﬁ?&t vardud %hcﬁ’oh WBRléngth

e percent . a ed |i
fog.’fb@ﬁ"we- %%ﬂi Firegatpﬁf reReravae e égmt?’gﬁ“?fg% equal-to-
of-§ @éaﬁéﬁtg@ﬁ tﬁér@fe%gpgtgpc ﬁbrrﬁ@lswtwa]! ?bsorb&onnmﬁn khiec gBneration
e b shows the absorption coefficient versus
gﬁ%? 8ﬂrr{%§/8F%‘ﬁr§t h for the visible-FIR and IR regions
respecti vel . figjloe hroplt afribe getractiauiidexoef silicon material is

d&gm@'ae% ansf Wé%tﬁm%n@%te%ﬁ’”‘mg Fé‘dec%@h lndex has its

sor pt ration free carrie
MEENHR, atltheﬁli%@ﬁr@l@ ofath9|8@tect§ﬂrrt s ma%ﬁ%ﬁlqiﬁd&a@ dght is
reHelcteP By Sfcehl dttor] rtRQn QR C}iSiB |2 88IoRS 5o Wad &e@Nis) material
aglv%l&%r]ag%% orusrgd e refraction index has its

In figure 7 we can see the amount of light power absorbed,
reflected and transmitted by a silicon wafer of 600 um thickness. The
maximum absortion occurs for red color visible light and near infrared
wavelengths.

Also in figure 8, a comparison of three different thicknesses
wafers is depicted in terms of light power absorbed by the material, to
illustrate the percentage of light absorbed by silicon versus photon wavelength
(in nanometers).

The semiconductor complex relative permittivity containing
electron-hole pairs is expressed as a sum of two, electron (e) and holes (h)
dependant terms:
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maxi mum at the violet color of the spectrum this
means that violet-blue light is reflected by silicon
W@ R00a88H9 t han ot her visible colors so we see PEI/BP2003/013336
material as violet-blue coloured. In figure 7 we can
see the amount of I|ight pogﬁr absorbed, 25 reflected
and transmtted by a silic waf er of 600 pm
t hi ckness. The rmaxi mum abgorti o[\ occurs fir red col or

visible |ights and_rear_i fPrared.| wayel dagths. Also in
figure 8, a Conparis @.Qf.nj:tb)hrke;é di fT ez-entf § hi cknesses
mfers i's dlepl cted in‘ter of "I I ght power” absorbed by
e nat gry.-als,/_t 3Q Ll t ;
bl aldbibute dy ) B heoBYRR A I RERERADAPE, oty = the
da(k diefentiderepastant oﬁ'!sélog@,nyﬁ@nm@c@@ sigp Andalar tegqiangy, m is
thd SflLfivd #éé‘s ePmM&i e, £lieahé Wleb@bichsHdi§eignd ¢, is the

i
expressed as a sumof two, electron (e) and hol es eh)
pegafilbdyaftracssrace. Wb 2004/ 038849 PCT/ EP2003/ 013336 15

2 Si _pl,g/ 1Fsr \1/ ;do_rrﬁju“cétic(rﬂ I7 foasons: 27r s, £ 8864110 ¢ Fpm ™,
= SN n,) the _plasm ar r frequ "
Ve_fl‘%\%lﬁsst he d‘é'rkl7'§i1 edtric cglﬁs—tn(g'#g’lc')’f"’si i g@ﬁyﬁ\gﬁ Mo
mj S 91108 - 1ot lgi i the ferryeleatrohiconaenend Nas the nunper of carriers

f I f the carrier, qis the electronic
ge@ﬁéﬁé@'ﬁéﬁ]ﬁgéfgt he 5 permttivity of free space.
For conput dhecticlestisonanstert of @ rpaler 'i‘blsléefﬁ‘eqs gs-a real and
an‘&f?ﬁé_’%ﬁ%gﬁ@é@?%e r‘ééatiogl%ﬁ%t\/\&hzb fie fe?lﬁﬁ_fo -ﬂ??@ﬁ?mlaginary part is
, =0. , = 9. . 1Q- . S e free ele [, :
whtsse sl e SR o ABEAEgR s iBpenagL REfaTRP YRR e s
dn%bfw ?@Stébowffheh@ :lc@segtcrfimamamrmhwmm an eloomEgnetic wave
efined as.a real an an imaginary part. The relation
p%é?%vggﬂugﬁét'real and the inmaginary part is what we
call the tan(s) of a pat .rg'r-alt Téljizs_g_i nportant nmateri al
parameter is di rectly rel at e%nw thgthe | osses of that
material when an el ectromagneti c wave passes through
it. 15 c=c I the &llowing Bdures amEB)t of the diefenirie spnefanhand the

tafnl( UL B Siticdh Bt AirREnt #EqEL RIS Hddpech®dly Uan&HEshd P80 GHz is
depicted against the carrier concentration, N between 10" and 10%%cm?®.

For example, it can be seen in figure 9 that at a carrier
concentration of 10'7 cm™, the real part of the dielectric constant of the silicon
at 40 GHz is 85.6 and at N=10'® cm™ is 750 where the silicon has a really
high dielectric constant. At N above 10" cm™, the real and imaginary part of
the dielectric constant of the silicon increase with the same slope, so the
tan(d) becomes constant.

At no light condition, the amount of carriers in the silicon is
around 10"° cm™ where the tan(3) is around 10 at 40 GHz. But as the carrier
concentration increases with light, the silicon becomes a very lossy material
maintaining its dielectric constant quite stable. As it will be seen in the
following passages of the description, it is interesting for phase shift to change
the dielectric constant of silicon material to affect the propagation
characteristics of electromagnetic waves, rather than changing the losses of
the material which will attenuate the wave and which is interesting for the
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tan(& of silicon at different frequencies _
respectively 40 GHz and 250 GHz is depicted agai nst

W ba4038849 er concentration, N between 1010 andPCT/EP2003/013336

1020/ cnB. For exanple, it can be seen in figure 9 that

at a carrier 20 concentration of 1017 cnf3, the real

part of the dielectric const¥ht of the silicon at 40

GHz is 85.6 and at N=1018 cm3 is 750 where the

affanugi astian redalhey devicghSdi 2l cattain ot ahtightApeNarea is
reg0i¥&d. 1017 cm's, the real and inmginary part of the

diel ectr constant of the silicon increase with the

g aﬂgé"%ﬂ&p@ cagiobe [seen; that af highes ma-wave frastiengies (250 GHz),
thé bl pahof theodieldolee aomitait &fthe &ﬁéﬂeﬁéﬁbéﬁ‘a\ﬁé&eefdd I}y%”at 40

i, B R oA R ok 1% B3 Pl e ame
slpeh soiighiact, tHeelossés amw!ohmmﬁblgr@rmhwémﬁ@qtr@mcﬂég al

I”?' Cmt l"": n'bgg F‘rBﬁ‘l ﬂil'e Jﬂﬁ&érrs aﬁdﬁfgﬂfi* grfép ggé;\}é%lgss%tg)c?pgrﬁ%s ¥ can be
sgiss that ﬁf‘ﬁ@%es Iftthlesdli%\@péfceﬁé\ataﬂ@l pmpaties of siicdrt by smeans of an
@QQ@O&Qetdﬂevﬁﬁéﬂlé%fén%lt)?%ﬁt@é‘tacﬂf evald 'Wg‘]p'?@f@w Bbens a

ffect, the oaatlon aracteristics
3{’5‘%1 r?é’Pi"ga fasiger anthamapHERIRg a Wdde oxarialy of
cofnpdri@atsrmattel‘rinalwaml ﬂ’@ Walhéle@t 8PS td?epH‘@%ﬁlu?rﬂﬁiatlon We

fo 2004/ 038
S8 sony S Bleidhy Slowifonhy Mires ok ABSOItHAFSS that the
plrsma ghicBoess cemiainian canstant wifilel ihghplagata aeasity varies in this
thieRsedEith Weﬁélgp&eaﬂp%ggdlggﬁg be seen that at higher

nm wave freguen the real part of the
dielectric %Bﬁsmém regsonhef ’fﬂ‘ﬁiﬁ sitidyl is e iesign, enaoulagtuas and

nﬁ’éas‘i@e Ppldgs sﬁ?ﬂbr ?&erécf@ﬂjdiﬁrwa\@g’l}ld %eékﬁ% bl’ﬁ[e tuneable

h ™t
phAge FSREdhas do) efevaia ﬁhawﬁ?fﬂ’mgm éa%ﬁév and a5 low
I@ssem etshposmbdier AtI@éKtIqud@is Iaha?%itﬂé lsﬁﬁ%rﬁﬁ:ﬁpgf’o*ﬁ(ﬁsphdste shift.
n .the dielect
THRO oo, B8R0 ot WRls EORBHEE i ikt “anpRk: of AihLyinude the
reftangulpayvavaguids sindy cbangibe it lilicleettc Jivpertigsopgr tigans of
aBBﬁjb?la?e %QnHi%anéﬁlp‘}iuo%lllL?rﬂfﬁl #lSﬁlt lfoéqccfelltgpgs“?z:‘é %%%%V\gf silicon is

nuf acture a onen
Pracequisidee s pectaparar dff/a\rﬂﬂwdﬁ |an¢maqa4turo:natame it bsnges the

prdpa@}altloﬁl Nefirablep®Bed @1l qnbat yahsglide "BANF . Fhe  transmision
hat the Iasma t hi ckhess remai ns

HFESS
@%r eiﬁltlcwfhée Y"ﬁ¥e%‘|“9§rra density varies in this
t hi ckness wirhé illumhieation ynayf bexppifoeaed bghﬁeaﬁéof@ﬁwé@m!ﬁ grid

d factu
1 598°0, 0 LR 54 b 50 By YR T o o
‘meteiso feigym-Tisses woethbt the gimactesibtiée of theasctangatdri giide do

nét shift with high accuracy and as |ow |osses as

possi bl e. A best npde is a tuneable shifter with a 360 .
phase shi f tAlso, a certain amount of light required to perform a change in

the propagation properties of the waveguide with a silicon piece inside. In fact,
it easy to check that as the wavelength increases, the amount of light per unit
area will be lower, because the silicon piece needed to perform the change
will be smaller. In fact, if we increase the frequency by a factor of 10, the
amount of light per unit area required will decrease by a factor of 100.

For ease of manufacture and measurement reasons the
design given as example was prepared in Ka band for WR-28 standard
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The main idea of this concept is placing a piece of

silicon inside the 20 rectangul ar wavegui de and
wW@eh@agsssge i ts dielectric properties by nmeans 0PCT/EP2003/013336

appropriate conditions of photoillunination. If a

certain size piece of silicgy pl aced inside a

rect angul ar waveguide and is'illum nated, it changes

the propagation characteristics of the mavegU|de and
wayrguiden §he digensiongr dcihis Wavepadidss afena Twdvbdaingand £5= 3.6

mid!€and 'lr#’mgﬂ?é '1qn|t'EE’a§h be feinf ﬂfém@vbhén@jﬁﬁrﬁsl@é this wavegunde
ne of .the walls

I
ag%% fady oe/ré}?@.o'a e 1 &r Wi i S e oHRAA PR WegyeTehatn
(|mwwc§d§@ WR28t Wavedddaaf er changs obftstgwrameter a from 7.1
mﬁ uI ar guide do not change. Also, a certain
light required to performa change in 30

the pr opag athewapetspgtt insislecd rediangriaeyaleguidetih dafined by:
silicon piece inside. In facth,, it easy to check that

as the wavel engt h i ncr €ases; ;amount of [ight per

unit area will be | ower, dase the silicon piece
needed to performthe chanije 22i)l1 be smaller. In

fact, if we increase the frequency by a factor of 10,

wheﬁ‘e AR e Epady wReeleh tH aptea i easliisegbstdimension of a
gcregse by a.factor of 10 35 For ease o
r dfideneasurenent reasons the desi gn given
as exanpl e ms forraplar @eéans tiat ibaved changa\Be2 §a)spanadeatdr in a

re\(g/j)%,iq%g I/ \&é@%ﬁ? 95 Wg \\l//:ggeg'ga é%g\rﬁgvelézg@@%ﬁ@ H 1%%’( ﬂ‘?ﬁhase for

a Zeptaimmgngdim of |Wavfe|ggldee Sp1|f|we olateba pieesof ﬁ@con in one of the
w%?é!@mﬂ@%&ﬂls‘ A W% éﬂ%inﬁe%vcﬁgfé'cﬁ% c@f%éﬂsﬁoﬁ]rﬂqg%‘%ove 100

, can see the effects, on
'W&W@n‘gt"rp é(f]g$ mt?)(q) ﬁgpg@&gn@tb@ W@lmedghqﬂglgg its inside
wabaragtPforid serpdh d@gLency from 7.1 5 mtoS5nm The

el o5 M MDA T o v

ﬂmi@esym ﬂ*iwlhmrgp&bemtsrpnsmotm idfida the wavegygjdeaits length and

tl‘%a;ﬂ%qgétﬂﬁe ?c}n%tgﬁ' af ftr?é ::Bi]l %lr[ﬁﬂﬁln tédj%ﬁhcbh %t%@%ﬁ ddifeve.

wave
Sphaiahcare snu@tvbeetagem] tan@vqlqrh lpsgas trhgh@mgme ifawe try to

aEﬁEQé“é‘ blﬁge R8ESe thaWﬁéeﬂué %orta%nbfh \éﬁd Wvégﬁls% HeeGaveduide

['i con one waveg

nfs@rsol&.cé‘f Regayse @86@%&1‘0518?6@% {he éevlseém@wa@%? a?ﬂge
fact we wiljf W‘él@ﬂg@/stafee ré@ém ilaenaveguidt witte avwpieeg wif dilicon

lq(:: B'S%%éﬁ@? ﬁls IZsee %gure 12a we chl hcofn%fud% {3 ph% Bens a mode
propagation that is very smilar to the normal rectangular waveguide. In fact, as
can be seen in figure 8b, the fundamental mode is very similar to the TEqo of
normal rectangular waveguide [Field Theory of Guided Waves, Collin], this
mode has the advantage that only a small amount of the field will travel inside
the silicon insert, so the losses will be low, and the cutoff frequency of this
type of waveguide is lower than in a normal rectangular waveguide, (also an
advantage, besides we must be careful with other modes that can appear at
the higher frequencies of the band).
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The amount of phase change will depend then of the
thi ckness on the silicon piece, its position inside

wao bh@4msssegui de, its length and the diel ectri cPCDREB10851013336
of the photoillum nated silicon that we will achieve.
Speci al care nmust be taken to avoid | osses in the
waveguide if we try to 20 atieve a big phase change
in a short length and we push the wavegui de near cut
of f becauselnt figureet1dr it tasses sdert Hiee deavelengill lof a WR-28

| - . ' .
VAEAS8 5. lg0 L 8RR B QUG R SR
umdeglﬂaafkm@)lllumad:%c@mlb@mﬁje t hat happens a node
propagati on gfkﬂowrﬁ JY%MreS"FS' Qﬁetveaqér@l@ﬁrgfah normal WR-28

rectangular waveg . as 25 can q
wayeguide and theesamﬁo\aﬁ\@%de fdad with ae3Q0 stmnthlalf si @Of‘h'B the

wEh_ilthd@F daﬁ@bHMltl{)ﬁ% ABEHY @fie %Mﬁsg tUpifh ﬂlEhﬁhéiloThﬁbme sificon,
d Waves has the advant

tenieTgrily SOuSIaM HABRT BFIENE And| BORUERS 3 agigtige in the
wansletlgth ame irsfdct foihei pieset Toswhidve dosfieentiphbsbehboge in a

N T oy LI
pBetoduvinatigemusébedégn.we nust be careful with other

nodes t hat t f i
the band) %narg %ﬁ{gl%drlg v%é(‘:%hlégga%e H@W c%ﬁsféfnt of the

"ﬁt%fuﬁ'éf% 1|1t9éta|€>OQeW§e%¢¢4 AdeR@khert mrnd? %}lC\m Qsach‘eve a

tdﬂ@l%dégré@stﬁ‘h&e?&% etlhldtﬁb vﬂh(ﬂée(eog)aﬁdlj : bLGIQﬁV\Atenomltzeeach a
n il Lumna

s condBrhdY SR gt oF neaty 5ot oo ot S8R € hegpieq. so

th’eaodambe\xom 22 inshedutgucake antjveadyqaraamalmiaﬂ@gwmies to obtain a

é é é/\%ﬁf{ a 300 mthick silicon in the wall under

ion is nearly the sane. Upon illum nation
of the si | i Torreach mediglestrisceensiarioplsthio ahem gssefficient and

cOfP é? dbfnc@nﬁ/é?réﬁj‘é‘?é‘é AR AHRW i rhédns, Veaeetigna! B @ad the

ase achi eye an effic t
caqﬁ@ﬁgcmcﬁngan@,wstm.eia@vet HE¥ G o e Blar S5  nign
dehsityeglashta @iinsdtasy rezichbbiaviti hiremablighteensgpment 28d a costly

Ehotm [ ] UEBnat' on ,must be high. As an exanple, if we

HRMRNt AL PEiNGedEAr i ¢ constant of the material from
11.9 to 500,(t cenheczban fremdfiduref144dhainf afthicker siinon piece of

1%&%&‘@«?&035 lgtl,%l d39qeﬁ§@.rae§% Wsﬁli ﬁ&?@ﬁn%@? ﬂWél%ctnc

We on reac

constaohfram dA o S0 wllaguijersmoashicws %Bﬁpc@ﬁasg cm@@@édm the

whBlel Kt B?n&'e’?‘h%em‘@ah% Pealibrt BendedtlaBbn CASANAR- 188" Which is
practica the aimis to obtain a 360 phase shift.

egpily i@ ab!®ti el ectric constant of 500 to allow an
efficient affd pu@@m@aca d@%ﬁtn@nmtemala@ pirced iniddx@cbangular

w%gwdansaraﬁelet 1t o?nlgaﬁ Hode Eeﬁeld and spaced from an inside
wall, simple finite-element simulation models can be solved to extract the
modes of propagation inside that type of waveguide and its characteristics.

If we classify the modes of this type of waveguide for dark
conditions, (figure 15 and 16), we can see that there are three main modes in
propagation (WR-28 waveguide with 300 um thick silicon piece 0.85 mm
inside).

As shown in figure 15, the first mode in this type of
waveguide, is a TEz mode of a first type with part of its field inside the



10

15

20

25

30

35

carrier concentration nust be above 1018 which is
quite high. Such a high 20 density plasma will not be

WO e@aghsst4ni th a normal |ight equi pment and a cPGI/ER2003/013336
equi pnrent will be needed. It can be seen fromfigure
14, that if a thicker silic p| ece of 1 mmthickness
is used, a length of 15 rrmggl i con that changes its
dielectric constant from11.9 to 50 will suffe

to
diatsieitréey and BB0ODiNEskeldartbe wavague sThinbele Rtensidnside the
dnEDéc’%néTPaé‘ﬁﬁjcﬂ ekl '(é‘b W@eélétbﬂbf q0 & ioRg) thakOte fdIbGh the

easl obt ai na electric

rash obfhamaledracun ielostes are bat Bauple i Gotkichuples very
w@ﬂ“t@iHeeEEﬁcPoﬂ ﬁcﬁn@f@mamgulabd/evéglﬁldel d and sIoaced from

an 1 nsi de

nmodel s can §8F Qf}bgetﬁ% %g‘a%e@ﬂg&é gt% ?21o mode of
apecpaddypethat meisdes ﬁdidxtconymtratédmég dheldiel@etrict digure 12a),
schta&ngBS r\}e§ I{Sésry 1::(1)fr p}@%s%l Qgﬁ,‘t If)%tn g@ ?P«Qﬁﬁ/goés té?ﬂe%u%Yd?eThe
smecrarmcw@s tCHatbet aepliedatioethenthise rnaqi% jadype of Wavegunde it
|spa$ ?R/ﬂg%ﬂh% ﬁ%c@ﬁcéﬁmeahﬁ@dmﬁ@d%%m&n (ﬁ@u:@q =)l | con

I NS|

r
Pl rst mode Miigis | { s o SaRadGeA e eadfe58 thisaipe of
walkieguitler SThd yweavatehdthpaf t thef tivbs nfdiel nh01d93| te pibited\against

s TR THE eV 0 oA b
Oiffsinae friside dhel waveduidé,s Thiie hmIOdWetS Oe‘t g?loflt@/d a@éc@@lﬂp‘mg
eﬂfcne]n%gotrg éTq‘VEe?) Eﬂ@ﬂnép%&é@ﬁaﬂ Wa%’%ﬂdéﬁt\/eﬁf Idi€so that it is

ses are so thi s node
su@aﬁie@ aneaiyiemwaipn nopfarphaseshifidnor mal rect angul ar

.WEVZ%IE gce) ngroThethéeé%wlpr@aﬁtf@hré m?StWﬁp@rPfsebamtthéeTEgo
a as
mcsteaishaR o v NIH 4 2R BB st 156 T fiost Betgidug mode
réa]tcc%hgsl tuthstf very%/sd)@s&)r cﬂaxk_l_$1lrcase Buitihen bhe ilueniyation over the
|V
S84 5500 SR g, PSR £ RN cutor
above iss carrigviidongenhiation oﬁueeﬂ@”c(@na@n Hat 8@ when g’ee flH@ination
n%r@%l?é‘sl this 1068} %o% Eszﬁ’%l Hg% 'rﬂegéigturlc?ss]eé éﬁ% ﬁé‘é\/l@/el%d@ced

i cul ar exanp

andp ey maste e stindvaaisrtheobice I that. 7 &?\ee%reﬁgmq]g?nstant of
tfld efiL8AGYcrEases PABORTESRBEY @lrﬁﬁ%r\&btthe aagw Motk kectangular

B 55 e B S0 M R e fosses
oa tﬁéb@anonwlt )maVith eliffsxagu Waweg\mdegﬂmmﬂmsvamq'/or divicksess of
trb% ggeéécgcm%?) ec 5tt‘?eF¢%r?igk Egﬁ‘%{rﬁ%’t@ %M%t\ﬁﬁlch qq% TEAD mode is in
catofftilibet dhéfemeut this effect will be useable by adjusting the lntenS|ty
of light to place this mode (or other modes of the same type) in a cut-off state.

So what is obtained with the example of figure 17 is :

- a change in the wavelength inside the waveguide from
13 mm (TEo mode) to more than 25 mm (TEzy mode) at 26.5 GHz changing
the amount of carriers from 10" to 10'° in the silicon piece

- achange in wavelength at 35 GHz from 16 mm to 13 mm
if we assume only TEz mode

- and a change in wavelength at 40 GHz from 11 mm to 9
mm assuming only TEx mode
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node (curves IIl, 1V, VIII, IX, X), which seens to be
the nost beneficious nobde reaches cut off very soon
WO 20044138849 si | i con. But when the ilum nati on ovRCT/EPI®03/013336
silicon increases, its cut-off frequency becones ‘
| ower. TE10 node is in cut-off 20 above a carrier
concentration of 61014 (cur VI1), so when the
ilum nation increases, this |ossy node is no | onger

present, | 0é&lbsthis str h@ar&,lqlcﬁmiﬁi@cﬁﬁmmsﬁ@iﬁm yorks in a
frggg‘?nég'F’éng%WrMﬂn@ﬁpr‘a%rﬁQl%_lyTg;(GHE%a4@%I¢I£“i‘1viﬂ1 al BabHH 6f 44
constant of the sil

| I con . Nncr ea%es, _becomes nore .
mgn anpayith a0k Bugeamaynt g fighti (10 S3IHBS RE' CURIG sghiimeter).
and its fiehdigwesifeRucheicsi ldssothah B4EGHA dmetin theadark state

| oyeri.ng. t ke, | .25 of th Wit
(s ARG SRon e g R, meHe i ias BRRT R I s o LEgrand when
tHehe islphbietiunicatibre tes mdue mast cleangeotectvet T, dineaBByeof the

ol 0 BT 8 pa T fotd B i b

losseeass high infthe igp transitionacBesides thmlpsses inharpet tohgdpwer

he ' : ighSo what is
trg ?Igﬁég W E@fﬁ?eode{(@)g% ﬁ#%@féfﬁﬁrag@?‘?hfs : 3% - a )
change i n tAECUANG dnghE Inventias e veiges i Bheiasfrsppasive
nmigediEh8y e gluniinatedr & tHeaBratestemandiB2(brifeds), st tHif. ibternal

D 55 YB3 DT A3l 4B e

le@igth bf tme pEcaenoft ghd8-respondivenmadssalnghisnwill MEERGertbdeamount

D 1o j : from1l mm

of oty B O B R B i .40

PCT/ EP2003/ 013336 20 Wth this structure, a conplete
360 phase shifter works in a frequency range from
approximately 34 GHz to 40 GHz with a length of 44 nmm
and with not a huge anount of light (1015 carriers per
cubic centineter). At |lower frequencies (less than 34
GHz) and in the dark state 5 (no illum nation), the
travelling node in the phase shifter is the TE1O and
when there is photoillum nation the node nust change
to the TE20. The TE10 of the phase shifter couples
badly to the TE10 of a normal wavegui de and coupling

| osses are high in the two transitions. Besides the

| osses inherent to the power travelling inside the
silicon for a certain length are high. 10 According to
the invention, the piece of photo-responsive nmateria
may be illumnated at the Brewster angle (or less), so
that internal reflection occurs and all of the |ight

i s absorbed and propagates along the Ilength of the

pi ece of photo-responsive material. This will reduce
the anount of light required for a given phase shift
or attenuation |evel.
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15 WD 2004/ 038849 PCT/ EP2003/013336 21 CLAIMS 1- A
tuneabl e phase shifter and/or attenuator conprising a
woerwegsssde havi ng a channel and a pi ece of PCT/EP2003/013336
phot o-responsive material (18) disposed within the
wavegui de al ong an i nternal of said channel, a
light 5 source di sposed out%rge the waveguide to emt
|ight through an aperture (38& of said internal wall
to inpinge on at |east pdpkABfSan outside surface of

tsﬁln ga pi eCE“I oanEﬂfbtablKeeﬁiﬁkgé}tssnﬁttetrf@ﬂv?raéttéﬂ@ator domphiging a
ase Ssni ar atte or as L.n

waVeGide QI TthE RS AhariPos trrarsRangve Srdetal (18)

disboi@d cmmd?me weavegtieei slbng ahlinkergal Bia)l dfesfsd @hafael, 2 light
t e e .

sl Ao RRR BNl Hu Ol BruPld FRHRARE) & pplrure a0

ohsaidantsinghwal i dupingsi o atdeastipart of api eigsideesurface of said

pi@egro'i‘kﬂ%td %s@%ﬁ‘sﬁ/berﬂateﬁal {ﬁ'?ﬁ tuneabl e phase shifter

tenuator as in claim 1 wherein at | eas

the surfacelof Thadupeaile Rﬁas&hﬁﬁ'éerr é@W@ﬁﬁtWUﬁﬁ%réq ﬁ'l claim
1f @/ﬁbﬂéjn thé 9h@&ﬁréwoﬁsrw@3matémt(1 é?glsQi pBBteperdudtiesi Material,

(gﬁéuneab e phase shifter and/or attenuator as in
e*&’n)‘?' %he preceding claims, wherein at |east

part of the3.sulThadenedblt pbape sbétemfand(mmtmmmmroassim/réaim 1
o3 BEbfin A58, LhEPREEL 1 Thd SR ol
faging) the apartnads paciliedin claim 5, wherein said strips

forma gridg 77pé thH@&ﬁQ'&éé'%@ﬂﬂéhbﬁB@r a’%féi%@for as in claim
att enyat or conprisin wavegui fg%ffcgav' n

3awaeee"p>aé@@st>’fhepﬁm‘aﬁer%fstaémfeﬁeo PirgpPo @%V%mage%lofacmg
thd dfdriurbhsvwaeegitigler andpsppesih.from an internal wal |

f said ch nd RN :
i nge on nelfaﬁg‘ynsa?"? ﬁ?a%e SHifeE AR gl AL in any

oné optiw prercesmondlaives, iveiezeinadt, leastepdrt ghthesuuface dfehagiece of

pﬁﬁﬂ ur%'é Bh&véomaqgrr'ﬁr?écﬁn¢ nth'(eh @Hﬁ?& i covered, with strips of

es ORsi Ve nat er Prier. concent rat
fQJ‘QOWé%ﬁlemquScmS and 1016 cm 3, to nmodify the real

and i magi nagy Wﬁéttuﬁ&aﬁleep@é%edsmhsﬁtahwbrcalfm@mr & in claim
t he phot o- resgonswe terla wher eby at | east one

5WW8§r€?'%S§l§ir§F' $&IM A& %has part of its field inside
the pl ece of . photudreabRs phase shiftertaard/al attedugper tcondprising a

i otike ekiiga for Bl ?P'a%%dé‘?,i%eb (S BHBREraspRph e’ materia
disbbeed naithinnthies waveguide and spaced from an internal wall of said
channel, and a light source to emit light to impinge on at least part of a surface
of said piece of photo-responsive material, the light source being adjustable to
generate in the piece of photo-responsive material a carrier concentration
between 10" cm™ and 10'® cm™, to modify the real and imaginary part of the
dielectric constant of the photo-responsive material whereby at least one
mode is generated that has part of its field inside the piece of photo-
responsive material and part of its field in the waveguide whereby a phase
shifter and/or attenuator that is dependant on the light illumination is
generated over a frequency range.

8. A tuneable phase shifter and/or attenuator as in claim 7,
wherein said carrier concentration is between 10" cm™ and 10" cm™.
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generated over a frequency range. 35 8. A tuneable

phase shifter and/or attenuator as in claim?7,
wob@nesss4sai d carrier concentration i s betweenPdDELBE2003/013336

cm'3 and 1016 CM 3. WD 2004/ 038849 PCT/ EP2003/ 013336

22 9. A tuneabl e phase shi ;é%r and/ or attenuator as in

claim?7 or 8, wherein a s node is of a first type

that has a field intensity inside the

phot o- r espcdhsi Aduneakie iphrse shidier endforiajteswator gseinlaige’ or

8 L @hbfn T 84 mBdkNS d?@‘ﬂﬂs@'t pé’”ﬂﬁé*t' R&s bhield lntenSIty inside the
p ot o-responsi ve rmterl {. am ilg
i rospO® BItaEAIdAvA DRt sl c4iaivR ' the figld 7 fhe,ghanne!
Olg'{ﬁféifgttﬁé pﬁhoféé-fréépd?éﬂ% mtgte'F@zo 11. A tuneabl e phase
shifter and/or enuat gr as n | 0
10, wherei n{(g AZPB %‘860 %o ?h’ﬁe 8‘3%4)?& %‘%ﬁ@aﬁaﬁs h‘ glalm 9,
whemginl saidnhedsidf y firssiype ig igzphot o- r esponsi ve materi al

that s hi gy rgl ahiug ﬁhégbe shifgh darlq70r %geﬁiﬁoiﬂ%\%n@ebne of

out si de t he phot o-responsive na tuneabl e
clpitas @ &hit0y evherstny or shidt medati6rots sasandahiperingt has a field

n#%%r t‘;’IHﬁ‘s&ée 3Ré QhBFBj%s‘E)fonENS ﬁi%ﬂﬁﬂth@y Rﬁhl@ﬁ réltiVe b the field in

hase shif nd/ or attenuator

unea
tf@schawn@i gpﬁﬁéﬁthe&hqﬁg TeFRRINSE & 'Eﬁnt ensity of the
| | ght SOUf CE2i A taﬁealblbépmaeets(mfwrmmtattaa&ﬁor dSinatiaim 7 or

e secon t-of f state.
Bﬂt‘er?\ntauﬁ%' iﬂ‘@gﬁﬁg §?1(i"qﬂddtr‘/péﬁ%ﬂ<§?° %if%h’uat or as in
any one of13.hA funeabldi pltasel shifter, ander eitientuator as in claim 11
hbug v t least
of ea A e e 8y G110 AL 1 EAPRIELYE, o o s
on@pépaidl mpdes ot theosecapedyps in a cu Loff state.

14. A tuneable phase shifter and/or attenuator as in any one
of the preceding claims, wherein the illumination of the piece of photo-
responsive material is carried out at an angle such that total internal reflection
occurs.



