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in reafising multiple sensing channel devices using only a single source, existing
optical combiner/splitter structures have a number of disadvantages. For example, in
one configuration, arrays of interconnected 3-dB couplers may be used to realise nxN
couplers. Such a configuration suffers from disadvaniages such as high optical losses
and an accumulative size of thé overali device.

Alternatively, interference based integrated nxN star couplers have been
proposed. However, such couplers suffer from high optical losses and complexity of

manufacturing.



2 A need therefore exists to provide an

optical conbiner/splitter structure that seeks to
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BRI EF DESCRI PTI ON OF THE DRAW NGS Enbodi ment s
of the invention wll be better understood and
readi |y apparent to one of ordinary skill in the art
fromthe followng witten description, by way of
exanple only, and in conjunction with the draw ngs,

in which: 6 Figure 1 shows a schematic diagramof a
passive device built in accfrdance with one

enbodi nent of the invention. Figure 2 shows a
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Also disciosed is a optical device comprising an optical splitter comprising a first
longitudinal waveguide for receiving an incoming light wave, at least first and second pairs
of output waveguides, the output waveguides of each pair being disposed on opposite
sides of the first waveguide, wherein each of the ‘output waveguides of each pair

_comprises a longitudinal portion disposed paralle! to the first waveguide and such that
optical power is coupled from the first waveguide into the respective longitudinal portions,
and the longitudinal portions of output waveguides of the first and second pairs are
displaced along a length of the first wavéguide, wherein each of the output waveguides of
each pair further comprises a substantially S-shaped portion continuing from the
respective longitudinal portions and such that opfical power coupling between the
respective S-shaped portions of output waveguides of the first and second pairs is
substantially inhibited; and a photonic bandgap structure optically connected to each

output waveguide of the splitter, each photonic bandgap structure including a microcavity.

The optical device may further comprise an optical combiner comprising a first
longitudinal waveguide, at least first and second pairs of input waveguides, the input
waveguides of each pair being disposed on opposite sides of the first waveguide, wherein
each of the input waveguides of each pair comprises a longitudinal portion disposed
paréllel to the first waveguide and éuéh that optical power is coupled from the respective
longitudinal portions into the first waveguide and the longitudinal portions of input

waveguides of the first and second pairs are



accordance wi th one enbodi ment of the invention.
Figure 10 shows a schematic diagram of an optica

mul ti pl exer built in accordance with one enbodi nent

of the invention. Figure 11 shows a schematic di agram
of an active device built in accordance with one
enbodi nent of the invention. Figure 12 shows a cross
sectional view of a microcavity of an active device.
Figure 13 shows a plot of dibve voltage against drive
current and a respective change in refractive index,
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DESIDRI Rt pgubstantially inhibited; and wherein the photonic bandgap structures are
formed in respective optical connections between the outpuf waveguides of the splitter and

the input waveguides of the combiner.

Also disclosed is a optical device comprising an optical combiner comprising a first
longitudinal waveguide, at least first and second pairs of input waveguides, the input
waveguides of each pair being disposed on opposite sides of the first wavequide, wherein
each of the input waveguides of each pair comprises a longitudinal portion disposed parallel
to the first waveguide and such that optical power is coupled from the respective longitudinal
portions into the first waveguide and the Iohgitudinal portions of input waveguides of the
first and second pairs are displaced along a length of the ﬁrsi waveguide, wherein each of
the input waveguides of each pair further comprises a substantially S-shaped por‘tion'
continuing from the respective longitudinal portions for receiving respective incoming light
waves and such that optical power coupling between the respective S-shaped portions of
input waveguides of the first and second pairs is substantially inhibited; and a photonic
bandgap structure optically connected to each input waveguide of the combiner, each

photonic bandgap structure including a microcavity.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be better understood and readily apparent to one
of ordinary skill in the art from the following written description, by way of example only, and

in conjunction with the drawings, in which:



Figure 1 shows a schematic di agramof a passive
sensor device 100 built in accordance with one
enbodi ment of the invention. The passive sensor

WIEYGfie00 has an optical splitter 120 at tRerkdcthooo1rs
Cha " And -an optical conbiner 180 at the output end.

The passi ve sensor device 1600 shown in Figure 1 is of
the 1X4 splitter configuration, where the passive
sensor device 100 conprises a central waveguide 102
and frtaure Wwebowy aisgessnatio iagragenl apawivadigviea pril iR aﬁ%ﬁr?arISF with
‘H‘j’%ﬁmmg‘gwfﬁ?ﬁ&@%o"m(ai 108 and 110 is di sposed on
each side e centr wavegqui A passive

phot &LQUW31015%\%&'5&”@?%ﬁ%’?ﬁ‘r°zg'i§§£?'§8‘ 6rmed in each

of t Ifgufecishowanplptivtiesndised par@6agaioB-land 110 bet ween
the %ulr&@%ho%@ 4 LhEL sckabhAUEwlons pRIriCBdndgadMuBEfe. -

180. One advantage of usjng the SSive sensor device:
100 FguErathows ng%ﬂféfqn?"@'ﬁf“’%@?ﬂ%éc br oad- band or
t unalFigard Egews aadik anenadieing Ct factoriand tranpmissied, valvher eas

conves tui’eoins%lowsd %\éicl%%’?atig giggljaFneo 'aﬁ]gﬁh\fﬂ@HﬁbmJaﬂ ght _ Sources
and detectors tor each arm ,&s suc t he passive
sens Gigutkd/ihoes 20t afrﬂoa'h@'é%Pﬂweéagﬁ"ﬁ%m de cost
savl RffRre 9 shows a schematic diagram of an optical demultiplexer built in
accordance with one embodiment of the invention.
Figure 10 shows a schematic diagram of an optical multiplexer built in
accordance with one embodiment of the invention.
~ Figure 11 shows a schematic.diagram of an active device built in accordance
with one embodiment of the invention.
Figure 12 shows a cross sectional view of a microcavity of an active device.
Figure 13 shows a plot of drive voltage against drive current and a respective
change in refractive index, An.
Figure 14 shows a plot of attenuation against drive current.
Figure 15 shows a plot of the change in refractive index, An, against transient
time for an active diode. : , 7 7
_Figure 16 shows a schematic diagram of an active phase modulator MZ1 built in

accordance with one embodiment of the invention.

DETAILED DESCRIPTION

Figure 1 shows a schematic diagram of a passive sensor device 100 built in
accordance with one embodiment of the invention. '

The passive sensor device 100 has an oplical splitter 120 at the input end and an
optical combiner 180 at the output end. 7

The passive sensor device 100 shown in Figure 1 is of the 1X4 splitter
configuration, where the passive sensor device 100 comprises a central wavegutde 102
and four waveguides 104, 106, 1 08 and 110. A pair of the waveguides 104, 106, 108
and 110 is disposed on each side of the central waveguide 102. A passive photonic



The passive sensor device 100 has a 1x4 splitter
configuration. However, it is possible to realise a
IxN splitter configuration with the appropriate

deS| consi deration, in different enbodi ne
J%%%B Ui nent , the.passive sensor device 1ggﬁﬁg§ﬁngnﬂ
sgnyconduptor on i nsul at or (SC]) structure, where
silicon Si is used for the’ wavegui des 102, 104, 106,
108 and 110. The wavegui des 102, 104, 106, 108 and
béﬁga@itﬁcﬁjﬁi 1%0ds fimadini aastubidhe fmgr @‘@U'ﬁ%/gﬁ WP dR8 prd 110

bﬁ_twezenq%%ﬂ&lc% 6?5&8? Sg)séﬁdgﬁéiolpggﬁ Sorﬁl‘r};igép 1@6. t he wavegui des

o recxdimioas b B S SETNOTORY SHd° 4 Bl
s&frc P @BEhdQr tiHbe Ié;s%r)fah@ ofe0ddianiur ingegiieg ashergasggeventional

d%ﬁlc%g Fe;hr%pgylﬁ%alngt sgur es a%'d d?ie&o%f%‘é&g?a@? gﬁ?&g&ﬂl @he passive

S@ﬂomﬁﬁwemﬂlwwmgememmgmp@wgamﬁh%”ﬁ@&r mavegU|des'104
égl6| X t% vvavse&égrd dviee ni‘@b @Naéiﬁfmm@bl}ttef adn@guretbnt dHaygever, it is

pasyiple tq O’:@llsel@@( u[ﬁﬂﬁgﬁ%’“ r ‘g'gh"@ﬁﬁ aﬁér%é?érﬁgﬁgsgérﬂe c%tﬂélij%ratlon

i di¥kdnt rab@madrtace regi ons 104a, 106a, 108a and 110a

appr %%%ng In N9 obifent GRS | Qésn)ﬂaééﬁ%' 8Ricd 030 nhB& Baflichnoattor on

t he i nstance

.mmg@m@qu. wh@refd)eow%ssplé%a%g‘l%ﬂa“&?‘ﬁg ZsF— 194106, 108

aﬁe oL %bég%ﬁies ROWEND4) WGS108wint ANO b foBd md@ntmsuh\tlmm%loz
itter wave ch w and the refractive index

‘aé%fﬁfwcgé,? forRedy ? bsuggfaet‘ter wavegqui des nat eri al
S bers foren e Gorommtropiiins! (16 18y Gihal 108 VAT H EePBIR T othe

manufgxgﬁ'nn% ‘tal}aﬁél and ‘technology and can consist of any one or more of the
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Figure 2 shows a schematic diagram of the optical splitter 120 of Figure 1.

In the context of Figure 2, the four waveguides 104, 106, 108 and 110 are more
commonly referred to as splitter waveguides, The four splitter waveguides 104, 106,
108 and-110 have an S-bend arrangement in their respective regions 104a, 106a, 108a
and 110a approaching the central waveguide 402. The radii of the S-bends, for instance

R and R, of the splitter waveguides 104.and 106 respectively, are designed for minimum

_optical power loss, which is dependent on the splitter waveguides width w and the

refractive index contrast AN of the splitter waveguides matetial.

The S-bend arrangement provides several advantages over a waveguide that
has a straight alignment. For instance, the S-bend arrangement achieves an optical
splitter with a more narrow width, thus producing an overall more compact device. Also,
light travelling through the waveguide with an angled arrangement of straight waveguide
portions has greater transmission loss compared to the S-bend amangement in the
example embodiment.

Substantially straight waveguides (for instance portions Lz and L, of the splitier
waveguides 108 and 110 respectively) are incorporated at the beginning of each of the
S-bend arrangements 104a, 106a, 108a and 110a to couple optical power from the



has a straight alignnment. For instance, the S-bend
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" where g ié the propagation constant. The solutions, with the assumption of 8, and

S are greater than zero, can be expressed as:

A(z)=|ae +aye ™ Joxpl- j) ®
B(z)=lpe + b, Jexp(j) (4)

where q is an unknown parameter to be determined. Constanis &y, 8, b4, and b»

should satisfy the inifial conditions:

a, +a,= A(O) (8)



B(z)=[ bl e-kr +112atirlexp(joz)(4) where q is

an unknown paraneter to be determ ned. Constants al,

82, bl, and b2 should satisfy the initial conditions:
vﬂ%+ %%w A(0) (5) WO 2007/ 149055PCT/ SG2007/ 8RBt sho&do174
YO JYTLEIBR0) (6) Substituting Egqs. (3) and (4)
into Egs. (1) and (2) and ggplying the initia
conditions fromEqgs. (5) and (6) yield the foll ow ng
equations: ,4(4 = {[cos(qgz) + j-8- S|n(qz)£ﬁ(0)
j1-sEp(bA BOD)} exp(- j&(7) - O

13(4={-] 5- |S|n(qz)40)+[cos(qz)- j -S|n(z)1B(0)
exp(jec)(8) where q is given +

i s tfebstiotigy Eay @bend (@) B Eqs Y a"d|(?) |aP%rﬁPP‘|Y‘§g G0 i
c%ﬁ’d%tiﬂnﬁ%h@w (8 26} yrsans fowaegeduddoren| y at z=0, this -
yields the conditions of A(0)=A0 and B(0)=0. The

opti cal power flow along the z-direction is given by: -

| A(z)={[cas(qz)+j.;ism(qz)]A(o)_jgsm(qz)g(o)}em—jaz) RN
B(z) {—- w5111(@1;:)44(0)—!-Iicos(qz) Jgsm(qz)]B(O)}exp(]c?z) (8)
where.q.is given by g = Jx? + 82 and kis the coupling coefﬁcieﬁt.

'If' light is coupled into the gdjaoent waveguide only at z=0, this yields the

conditions of A(0)=A, and B(0)=0. The optical power flow along the z-direction is given

by:

a(z)=|i(5].,,—='1—Fsin2(qz) @
|4.]

£ (=12 L _ pein @2 (10)
|4

where F is the maxium power—coupiirig efficiency, defined by

- fz:.,_l._' : (11
=) =g o

Figure 4 shows a cross sectional view of one of the four passive photonic
bandgap structures 140 of Figure 1.

The passive photonic bandgap structure 140 has a SOl structure. The passive
photonic bandgap structure 140 comprises a silicon layer 402 formed above an

insulating Si0, layer 406.
The silicon layer 402 has arrays of 1-D periodic air holes 404 formed in the

silicon layer 402, with a microcavity 410 breaking the periodicity of the airholes. The



Pa(z) =IA( 412 =1sin" (qz) 141 1B(z)12. 2 PR (2)2 =
F sin (qz) 141 where F i s the maxi um power-coupling
ef ficiency, defined by F -(2 K - 1(11) -

‘L+£@@%wf%gure 4 shows a cross sectional Viewekcid%o00174
)i e Tour passive photonic bandgap structures 140

of Figure 1. The pas§ive phot oni ¢ bandgap
structure 140 has a SOL straéture. The passi ve

phot oni ¢ bandgap structure 140 conprises a silicon
hiehples M 2rd ommeihtalb edjaceahtd the uhiemeaviy 6l Qare| gyparthe prerence

numeral 408. '

The microcavity 410 acts as a defect within the silicon layer 402 that causes a
state that is analogous tb the formation of a leve! within a semiconductor bandgap. [n
-this manner, the silicon layer 402 acts as a photonic crystal waveguide with a defect in
the mid section. The light confinement capability of the microcavity 410 induces a strong
electric field in the microcavity 410 which is stronger than the electric field inside the
remainder of the silicon layer 402. By removing the clédding {not shown) above the
microcavity 410, the induced electric field of the microcavity 410 enhances the effeclive
cross section of analytes that are present above the surface of the photonic bandgap
device 100 (Figure 1) when the photonic bandgap device 100 (Figure 1) is used as a
biosensor. Thus, when an analyte is present in the vicinity of the microcavity 410,
optical light being fransmitted through the microcavity 140 becomes attenuated. A drop
in the output power of .the photonic bandgap device 100 (Figure 1) thus indicates that
analytes are detected. As one microcavity 410 exists along each of the four splitter
waveguides 104, 106, 108 and- 110 (Figure 1), the passive sensor device 100 {Figure 1)
can be applied, e.g. as a multiple sensing arm biosensor using only one light source and
detector pair. By choosing each microcavity 410 to exhibit a diffierent transmission
wavelength, one broadband light source can be placed at the input side and a detector
in the form of a spectrum analyser can be placed at the output side to monitor the
response of the respective 'Wavelengths along each respective sensing arm.

A Bragg mirror-like response is present on both sides 406a and 406b of the
microcavity 41G. The air holes 408 fhat are immediately adjacent to the microcavity 410
have a different diameter than the diameter of the remaining air holes 404. The air holes
408 are commonly referred to as the innermost air holes. Unlike conventional phofonic
crystal waveguides, where the air holes are efched only into the silicon layer, the air .
holes 404 and 408 are efched a depth within the SiO; layer 402, This “etch-down®
design improves the fransmission property of the photonic crystal waveguide 402. This
“etch-down” design also prevents the wave travelling inside the silicon layer 402 from
leaking into the Si0, layer 406. In preventing wave leakage, the “etch-down” design was
found as effective as the known “air-bridge” desigh, where in the “air-bridge” design an
air gap is formed beneath the microcavity structure. However, the “etch-down™ design is

simpler to fabricate.
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used to demarcate the various dinmensions of the
photoni c crystal wavegui de 402 are summari sed as
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power from the central waveguide 102 of the optical combiner 180 of Figure 8. The
simulated optical combiner 180 (Figure 7) had a silicon-on-insulator (SOI)rstructure with

the following parameters: _ ‘
w=500nm, si-overlayer = 220nm, Lgap =0.1um, Ly = 3.1pm, L, =8um, Lsep =
0. 7um :

The FDTD simulation was conducted to investigate the effectiveness of the
optical coupling between the four combiner waveguides 104, 106, 108 and 110 and the
central waveguide 102. Curve 802 shows that the output from the optical combiner 180

has a normalised power of 0.95.
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The optical multiplexert000 shown in Figure 10 is of the 4 channe! configuration.
. However, it will be appreciated that it is possible to realise an N=4, 6, 8, 10, ..eic
channel configuration with the appropriate design consideration, in different
embodiments. The optical multip!exér 1000 has an opfical combiner 1080 having a
central waveguide 1002 and four waveguides 1004, 1006, 1008 and 1010. A photonic
bandgap structure 1040 is formed in each of the four waveguides 1004, 1008, 1008 and
1010. i '

The photonic bandgap structure 1040 acts as an optiéal filterfor the respective
channel wavelengths. Resulting optical energy that is transmitted from each photonic
handgap structure 1040 on each of the four waveguides 1004, 1006, 1008 and 1010 will
be combined into the central waveguide 1002.

In another application, the opfical spiitter and combiner can be used in an active
attenuation device 1100 as shown in Figure 11 for one embodiment of the invention.

The active attenuation device 1100 has an optical splitter 1120 at the input end
and an optical combiner 1180 at the output end.

The aciive attenuation device 1100 shown in Figure 11 is of the 1X4 spilitter
configuration, where the active attenuation device 1100 comprises a central waveguide
1102 and four waveguides 1104, 1106, 1108 and 1110. A pair of the waveguides 1104,
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Coan'Bt?rE éjsﬂgw@ta b6 S4B VR of a microcavity 1140a of the active

attenuation device 1100 of Figure 11.

" The cathode and anode regions 1140b and 1140c, and the microcavity 1140a
are formed above a SiO, layer 1206, where both the cathode region 1140b and the
anode region 1140c are adjacent to and in contact with the microcavity 1140a. The SiO,
layer 1206 is formed above a Si substrate 1246. ' '

In one example embodiment, fabrication of the p+ {anode) and n+ (cathode)
contacts 1140c, 1140b will now be described. initially, the designated n+ region is
covered by deposition of a 500nm oxide layer by oxidation using plasma enhanced
chemical vapour deposition (PECVD), and exposingonly the designated p+ region

through patterning and etching.

The p+ region is realised with the growth of 400nm of highty doped Si in the
exposed region by selective epitaxy at 1x10*°atoms/cm® (Boron). In instances where the
epitaxy équipment used has a limited target concentration {e.g. can only reach up to
1x10"%atoms/cm®), an implantation step of Boron at an appropriate dosage to increase
the net dopant concentration to 1x10% atomsfcm® can be included. The p+ region is then

protected with 500nm silicon dioxide using PECVD.-

The silicon dioxide at the designated n+ region is then etched off. The n+ region
is realised with the growth of 400nm of highly doped Si in the exposed region by

selective epitaxy at 1x10%atomsfem® {Arsenic and Phosphorous). In instances where
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aHRdsE ew@a@&n@nb rwherg thes agiivBLRtIUEUTS 18AQ ISt RIseRd \)M'tf'tﬁ pawive

p@lﬁi@;ﬁﬁ:‘ H&ﬁﬂ@appétrdcﬂﬁe 4 ediich @B Figuddn, for sensmér aﬁpltﬁtﬁﬁm}éTGZ
| er

D R pEle oL e B8 ot ora 3 O er e Rt G e 2o
id 6ifekentbpeGiiork608 and 1610. An active photoni c bandgap
ST uGhur ?\ot%?éoofnﬁq_&‘é)ogm%' é&ngﬁec laeﬂtf)yeﬁ hg Jpaki c_lqu'?mumcattons

waveg UI

Wﬁ@ﬂ““&o?ﬁt"i“?@ﬁ tot e downaoRbiAVE & h@tsof&n%twoe"feftte\"daer pigh data
tiaBérweslors Qatbhlat ThetRNikes eap calbetbseased Re bipdaneidl dride bptical
Hransnttted in each wavegui de 1604 and 1606 occurs at
‘?%ﬁ'gﬁifGSO It will be appreciated that interference
al soExaraple enibodiriestsseane prowidacm itegraiel eleciwB? chip rwithhmore
WARMRSHY dfss wggdtﬁﬂldtolﬁqé)central waved?f&t O‘Et 8648 paddr?more

can be placed to neasure utputs fr

“@Bwqenaf"}segmwée ﬁ@ocwﬂj asgowRe Sk 8@6?‘&@16 o\ sige and

sabitRRy iof eth@hﬂﬁ)&)nm)ﬁaﬂdgbnrdel\ﬂ‘.bs ¥adifpted hambpaHickl detedtion and
r h. passi ve configuration can al so be

d%%&x% '%%t% %%ﬁ%%er enbodi nent, where the active

str u@thqr gossiiEDanpications inelude iaphpsic ipgkils teetepifat BRINOGO, as

' w@ﬁﬁggﬁﬂ:aﬁﬁt[tm&lfe%@aﬂtﬂ@emulﬁi%r@%ﬁ!@@@ abpkda@bnéS&d?rSﬂ)@Gsed
¢ Bifarae abohicee GctanalEaPHeTRar o OLEd R Sunigator tt

raprdskat epdsitop or sdgatesesult. The phot oni ¢ bandgap
devi ces can be deployed in optical comunications,

whi ch require devices that are | ow cost, have a high
density and provide high data transm ssion rates. The
devi ces can al so be used for biosensing and optica

i nt erconnects. Exanpl e enbodi nents can
provide an integrated electronic chip with nore
wavegui de arns in addition to the central wavegui de.
By cl osely packi ng- nore wavegui de arns, nultiple
tests could be perforned simultaneously. The size and
sensitivity of the photonic bandgap devices
facilitates nanoparticle detection and detection of
sensitive anal ytes. O her possible
appl i cations include diagnostic toolkits to test for
GO NOGO, as well as optical nultiplexers and
dénul ti pl exers. GO NOGO applications can be used to
determ ne whet her a functional response is net, e.g.
serving as an indicator that represent a positive or
negati ve result.



21 CLAIMS 1. An optical splitter conprising: a first

| ongi tudi nal wavegui de for receiving an incom ng

i ght wave; at least first and second pairs

of out put wavegui des, the output wavegui des of each

pair being di sposed on opposite sides of the first

wavegui de; wherei n each of the output

wavegui des of each pair coqgrlses a | ongi tudi na

portion di sposed parallel the first wavegui de;

the first wavegui de further conprising at |east first
CLAWS second coupling regions such that optical power

is coupled fromthe first coupling region into the

I ongi t udi nal _portions of the first pair of output

- wav QPRSP ﬁpc?mﬂﬁwphe second coupling region into

t healfishighditudinalatavpaiids forrscaiding drvenesdmhighpwéve: of

out Qﬂéaéfvﬁﬁé?% &R88nd palrs of outE@t'v@v&?ﬂﬂésE Mdiogﬁht \D&Veglu@ébsof each
1.l ana secon

out put wav.
paip ot e S o Ry B e G s} BRseiest Tha 1 vl
wav ehereid @actagighe output waykguidsis 9f emwatsfcomh@seé @tlengitudinal portion

' d.sw@s\éegwawe% tﬂcfe r@m&esaaé f utrt her conprises a .
orti n n om

r esﬁ‘&?fﬁE Vé“"?g}t/i'ﬁ’ﬁ f‘E’E‘SF%Oé“F‘%B'B%’ ?50'8%339’5&3 “lsjsl?é’%”‘{% AP gions such
thabprtica abwergswesuptegiitei the fitlsbtaweing redien lp@gb%@pglwgmal portions of the
ﬁrsgpéih@p@&iplﬂ%atvb@ﬂ@esoénd%nﬁ)lﬁe YRY¥ED dbhasy edgidnhiatof thé $dngitudinal

% igf rﬁa [, % iubstantlally inhibited. 2. The
Pord}s; QL e SRRl Pf QEPR MAYFINE®P ol aim 1, wherein the

| ongm ledibitvalinalorsricing 196 thefoutpbwaxegpdes oihe Btstiprtbspcend pairs are
disPA&dY R a IéHg% &Itﬁm&%\,@gu.@ubﬁﬂ ant i al ly a sane

glwswtg nr%ﬁ@%c fghe LBEUQ§1GEG‘S‘C%I'JE? fs eacr'l galr F rttmer ij)mprlséé a substantlally

er a
S-shapeghresrtisinreontiraingora th?demptl\ﬁdmgltemal@fmph% arafmtmtthat optical

pom\t%%hhg @étv@gn bt r’@s;ﬁ@h\fess At el ip5faesest dlitput waveguides of the first
nt i al LxﬁaH%”sa Itec;stance on the opposite sides

a”%?ecf”ﬁ TP WaVEGUINAE ™ 4. The optical splitter as
clalned in any one of the preceding clains, wherein a

2. I adirys o&fcalt $ttep- éish@ﬂﬁh@d mOE'binOﬁISwﬁérem hiee @nRuinal portions of the
outwat ng S I aé?’uC aIP %Irer d:sg'ocz?% ge%bé&%ﬁm} gaéan%o 'ﬂfs%ﬁ{: 8n the

Fransmr 05583 Are‘re
Opmsitgﬁ%rﬂff@fﬁ%mégwﬁ%le portions. 5 The optl cal
splitter as clained in any one of the preceding

Cl aJI'h Ppt%glr rﬂgr?er 38 lilrp clﬁi'?rQZSHpecfglﬁr{Eé ?ciqu(ud‘rgﬁﬁgrﬁgﬁ of the

optl t wave I nt
outmv\@@/egqugﬁsof hoth palrs are dlsposed at substantially the same dlstance on the

opposite sides of the first waveguide.

4. The optical splitter as claimed in any one of the preceding claims, wherein a radius of
the S-shaped portions of the output waveguides of each pair is chosen such that optical

transmission losses are reduced compared to an angled alignment of waveguide portions.

5. The optical splitter as claimed in any one of the preceding claims, arranged for
coupling substantially the same optical power from the light wave into the output

waveguides.



22 6. The optical splitter as clainmed in claimb§5,
wherein substantially all of an input power of the
light wave is coupled into the output wavegui des. 7.
An optical combiner conprising: a first |ongitudina
wavegui de; at least first and second
pai rs of input wavegui des, the input wavegui des of
each pair being di sposed on_ opposite sides of the
first wavegui de; wherei n each of the input
wavegui des of each pair conprises a |ongitudina
8. por Theoptdsispliteds painzd ielclatnn 5t Wierdin pehstanbiais gl iotian inpyepower
of th gt wARYE cBiHiddenth Wid Jigdut GavERLIued. ng first and- second
. coupling regions such that optical power is coupled
fromthe |ongitudinal portions of the first pair of
7. | np&h oplaeribthescdanmirieinghe first coupling regi on and
f r ogyithendiRBdbitidLyMe; portions of the second par of
ot oot BT L o<2ohd B A RS ok WBecilee o
eaqhgpdiribeing dobosel @nionpasite pideeefihaltst weeque: f i r st and

fseC Qr?greﬂaéafzﬁ ofthe |r$u§ PhALadea bOREh Baik e6gEMROh Iér@&udmal portion
I rs

dlSW& V%g Otk gg‘s& Hvaﬁ%qullde Ln,e ﬁrds”&rwacv%eﬂ%mc%cnjmger com%néupé) HIISt and-
Sembst’@ht'g edglogs Saabitegs extigrbpavesis eupled e faneitrdingleportions of

thel ﬁr§tp€éi|§ bWﬁputhb&i&gsnnﬁ{o #ﬂ@ it Q3Gpih§ redi®C Bhd/ rBig the longitudinal
ive n Wav.es

PolTET Tt N Do et eSS A A Eh it aARbL Bhe s

wapgguideons of input wavegui des of the first and second

pai Eéd llcfngﬁd«!#}%t BéHidral df)fhé mbbthhévégluldes&f tH frstOfHdi ®8bnd pairs are
n17 wherei n the

d'sPlB?ieé]{ EFWI Sng%b‘gij tFefgrﬁ aé’Fglf %ee *Mput wavegui des of each
pai whereia adiclks pbibe dhrat wavsguidemef egch painfughercorPEtes fcPeigntially
S- éhlaﬁecpmﬁb‘hlc%ﬁtlrﬁilng%nﬁﬁe Fd@ﬁecftlk/é phgilayalPsrides for BceifiRg respective

ch%WS 'Shd: dﬁ‘f%ﬁ aI‘ECﬁUF ghago&l]palt%;wer co%alﬁwg\rpg@vgeu % rgér%cﬁ\)ges-shaped
porais of inpriwaliegydesed thetfirs @hd segend awrsys %Url?étag%?ﬂﬁé'"aﬁb%‘?danc e
on the opp05|te sides of the first wavegui de.

Thea‘ﬁgtogln c‘fo %%Ir Q?e éla%segqué a'a[;q?g \@L %n%eggﬁglt%mﬁ @Hl s of the
inputeavenyides Q/f/&@@‘gmﬁlrovée digposed ehs\baiantialls 2 6HHY éﬁtaé'?ﬂ:?f‘ fi‘ﬁ gpposite

side®bi thafirstwaldessi on | osses are reduced conpared to
an angl ed alignment of waveguide portions. 11. The

optical conbiner as clainmed in any one of clains 7 to
9. 10, Tamertisekcosipinet an eleimadyn glaim §f WW%@%&*PWU? fﬁi@t’fﬂo”s of the

lnpﬂp\)()@\fegu@és bAEpdiRHREEEPISEd bi Gibbtam@lEBeissme disphedlor tht opposite

S|des of ttne 1[: rst wa‘#gg\;/tﬁgeu' de..

10. The optical combiner as claimed in any one of claims 7 to 9, wherein a radius of the
S-shaped portions of the input waveguides of each pair is chosen such that optical

transmission losses are reduced compared to an angled alignment of waveguide portions.

11. The optical combiner as claimed in any one of claims 7 to 10, wherein substantially
all of respective input powers of the respeciive light waves is coupled into the first

waveguide.



