RESONATOR- ASSI STED CONTROL OF RADI O FREQUENCY RESPONSE
IN AN OPTI CAL MODULATOR Thi s invention was nade with

w@emenmsent support under Contract No. HROO  PCT/US2009/003873
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1- 05- C- 0027 awarded by Coherent Communi cations | magi ng
and Targeting - Defense Advanced Research Projects
Agency (CClI T-DARPA). The Governnent has certain rights
in this invention. CROSS-REFERENCE TO RELATED

APPLI CATIONS This application is a

NBESONETOICASIRT D Cy BB GF Babfo Bhr AN ERLERSPoNsE

"Resonat or - Assi stﬁdAgoOpqthquM%@gmAﬁ)unency
Response in an Optical Mdulator,” which is

i ncorporated herein by reference in its entirety.
BACK: ND OF . THE | NV er. Fi el d of the Inve tion
pr esent M HYEREPHNAS &) OYSBPET SURRAFH R Py i’f’t
i cahsh I
RO S Dgs%?%f%%?'éﬁ@%%éfeﬂeé foudd s%f‘?‘k*f?ﬂ%ﬁmg o Targetmg
nefahset AdvansedReseafchtirejekis A genep(CCIT -DARTY)e rithe anvemment has
optical comrunication system Wth the rapidly grow ng
drERANTIghST IntBIS IBYIMRIOBN " | nexpensi ve opti cal
nodul ators, practical viable solutions to inproving
nodul at or char acteristics-are very desirable. One of
such char acElE@BStREBERENCIEeT@REHAHrE]D ASPHI&IdiAdeONSJency

response. Typically, the npdul ator's abili té i mp
nodul athisAPRiFalen s saniinuaioRrinyRagi(EAR) ¢fsU Sy Ratent Apphcanon No.

r
TP MU SURIY 2007 RS T OP ALk SRR R
bEregivdndy Respiths€ nan ©ptical Mibdiflaiot,” Wﬁﬂihhﬁtric@fpo‘iatd@haﬁﬁﬁby
thereby adversely affecting the optical -signal
cfgferency ISURRIIRPLYOE THE | NVENTI ON According to one
enbodi ment, an optical nodul ator has a Mach- Zehnder
interferoneter (MzZl) and an optical resonator coupl ed,
via a tunabl e opBAGKGROIMBEIOF THEINYENTIMNE M
internal arnms. The optical resonator induces in the

1dfqf endent optical | osses that can be

represg pergsepl 1nver(§t(i)<¥1;D re?ates B ophcﬁlcorrn?nsu%rfc nl%relséqulpment and, more

specifically, to optical modulators.

Description of the Related Art

An optical modulator is one of the key enabling components of an optical
communication system. With the rapidly growing demand for reliable and
inexpensive optical modulators, practical viable solutions to improving modulator
characteristics are very desirable. One of such characteristics is the modulator’s radio-
frequency response. Typically, the modulator’s ability to impart modulation on an
optical beam weakens as the modulation frequency increases. In the optical domain,
the frequency-response roll-off affects the modulator bandwidth and can, e.g., distort

modulation sidebands, thereby adversely affecting the optical-signal quality.
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The coupling strength between the optical resonator
and the MZI set by the optical coupler controls the

woragniotasde of the resonances, while an opti cal PEIhESE09/003873

shifter located in the optical resonator controls the
spectral position of the resonances. Either the
optical coupler or the optical phase shifter, or both,
can be tuned to adjust the no@ul ator's radio-frequency
response curve, which can be used to inprove the
optical signal quali.t a inable with
prior-art %ch-gem&%&ogw b‘\,ﬁﬁ\yﬁﬁ@ Mt ors.

Accor qf&&%rdiﬁ’% A GhbdRest E?Bbtica?&olﬁﬁfalo@%las E‘Pﬁ%&'halé%der

of the inveniion conprises an optical Mach-Zehnder

iinteefefomietereMBAT) had/ amgptidal stsomator compleddvianttenabdd opticabcoupler,
a firsg optical resonatQr; and a first, qptical co er
484p¢ gt %‘fﬁ%’r Wﬂ&ﬁb? eP L FaspRalpr ipglis dp _the%%ﬂ‘requency-
r r

R o RS Lk BB oL KA e B Wo o3Pt resonances.
Whelvodpling strenbthatsbtiveerathd @aptical mgpohatof andhe ibALdenbpthe optical

The first optical resonator and the fjrst optical

CSuBleBFonifods e Mmaeaitham el the feraprnces.gvhileAngptical phase shifter
fr .
GBS R 0SB 0 (ol it
k¢ bprital osupterci tiad dprgal plgise skifen or both, tdncbestuagd wfadjust the
appl yi ng an ogrt ical carrier to an _gptical Mch-Zehnder .
iTAPEHateF & PR TeAURIICY geSPPRISCUAYRI VUL HAA bermsed tealmpapYasthe optical

R S S b SRR b PP
aAsqUlateRsS an optical resonator and an optical coupler

adapted to optically couple the optical resonator and
t he fiAsserding Wrangthes embodimentanpdicalupedidator ohthe irvestion

t 1 . | ati h i C ri Al t.

P L TR R RBP4 A e e

i { Hlits@Bptical tiRbRor; AAd 8 Firstopticsledapiet dapsddotoptically couple

otgt i cal” coupler to change radiofrequency response of

tthe firsb antieal sesonagor and e diastripgmahaimenTBRPRtIcabmedmator igaapted
T W Q her ects, .features, and.benef;]

b e aonlR Rt RO ey R S gt B B Modudefor. The

anpesRichl les@mdrhad iR fikvbpetaehidrefe SHoIlblyitaihbld fd&hange

appended cl ai ns, and the acconpanyi ng draw ngs in

vidioHrequengy respeinasaf te seodwiaior to the defe amadyfatianpr i or - ar t

" epr oatsiRLTG B b s BhER, RBjedoulioE HBupping g

comprises the step of applying an optical carrier to an optical Mach-Zehnder

interferometer having first and second internal arms. The optical Mach-Zehnder
interferometer is part of an optical modulator. The optical modulator further
comprises an optical resonator and an optical coupler adapted to optically couple the
optical resonator and the first internal arm. The method further comprises the steps of
modulating the optical carrier with data applied to a data input of the modulator; and
controllably tuning the optical resonator and the optical coupler to change radio-

frequency response of the modulator to the data modulation.
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optical nodulator shown in Fig. 1, Fig. 3 graphically
shows optical -domain mani festation of the RF response

W@ bawo448m4 Fi g. 2; Fig. 4A shows a schemati c di BQr/af2009/003873

a waveguide circuit that can be used in the optical
nodul ator of Fig. 1 according to one enbodi nent of the
i nvention; Figs. 4B-C show schematic di agrans of two
representative enbodi ments of 3a tunabl e coupler used
in the waveguide circuit of Fig. 4A; Fig. 4D shows a

Y- coupl er that used i e bl e

coupl er used |%ﬁﬁ£ﬁ£§v&§d I@ﬁtq% o 4A

Fi gs. crfier as?ééisp 'féé?@tleg YandRRKeit§ BF BR§RERhd M@etﬁ%@%‘llﬂiecome more
characteristics of the waveguide circuit of Fig.

Fulyg apriver fignathkifold Wingsletanledh descriptonyathe glupeaided:clam and the
of Fl%nymg::fgn be use pproducearelatlvelyflat
S lARe PWINBSIRYRE: curve for a nodul at or

enpl o_)plgq dHaak 2wa &Qéﬁgd(ﬁagﬂ\gﬁl%{‘a idrl 'agtso tiCAY rﬁodulator 4

graphi c show how t he Wwavegui e cir U|t of Fig.
can b& 19%@&@100:{1@1\51110% laabprgsdnitative radie-fregoendydRlr) ofspense of the

nmodul at or enpl.oyi ng that waveguide circuit; Figs. 8A-B
gapaﬁﬂl%dql Ogﬂmmwﬁghle wavegui de circuit of Fig. 4

can b
o sk s AR ARG ESHRORE reponse
shoediih Fig-2g. 9 shows a bl ock di agram of a

communi.cati on syst em enpl.oyi ng the wavegui de, cjrcui % i
of Fi d3 2.4 A shoyy scﬂ%emgtl%ﬁ@g@ﬁbgﬁq WaYgLuiie qircait that can be used in

|y 8€¢'iéa?ﬂrodﬁia%r o%% gﬁ*i%‘é@oﬁl B%ﬂ@gin%oﬁfnff‘&'i G?lh%fl Vention;
waveguide Crrcuit  that can e gsed IR an optrcal

nmodul EngH 4Bh@khds selivahatig @isprinns bﬂ@vmbtdsaltaﬁmhlhlaidixhents ofa
of Fig. 1 accordi ng to one enbodi nent of the

i tAgable cweraﬁ%;hngt ¢ wavegindg cigcut dfdiatds di agram of a

waveg t

e P YL Oy S a0 DR s couper
afsedirgthe vaaegadelcinghit 6f FipotAer enbodi ment of the

i nvention. DETAI LED DESCRI PTION Fig. 1 shows

schemdtigs Sdr-hgraphicetly show ranesamatlts@ spestpl %wte&tsws of the
\9&Q/€gu1de circuit of Fig. 4;

Figs. 6A-B graphically show how the waveguide circuit of Fig. 4 can be used

* to produce a relatively flat optical-domain response curve for a modulator employing

that waveguide circuit;

Figs. 7A-B graphically show how the waveguide circuit of Fig. 4 can be used
to controllably limit the bandwidth of a modulator employing that waveguide circuit;

Figs. 8 A-B graphically show how the waveguide circuit of Fig. 4 can be used
to invert the optical-domain response curve for a modulator employing that waveguide
circuit;

Fig. 9 shows a block diagram of a communication system employing the
waveguide circuit of Fig. 4 according to one embodiment of the invention;

Fig. 10 shows a schematic diagram of a waveguide circuit that can be used in
an optical modulator that is analogous to the optical modulator of Fig. 1 according to

one embodiment of the invention; and
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Modul at or 100 has a waveguide circuit 102 and a driver
104. Waveguide circuit 102 incorporates a Mach-Zehnder

wo paieisiomet er (MZl), the operation of which PET/Daxee003873

on interference between two optical sub-beans. Driver
104 controls, via a control signal 106, the relative
phase shift between the sub-beans and, therefore, the
phase and intensity of the op#ical output beam
produced by waveguide circuit 102. An optical i nput

beam .e.q.,,,g0enerated by.a |laser (not .explicjtly showmn ..
o F e 39 snBES R sempui ifrai of oot BUR L el DG tied in
R\ HoduldtGithht i Qﬁal@@&hs&@ lhd optiAPmb¥Qlafy Bf PRAMRCKding to
an optical splitter 1207 Each of the sub-beans then

pnothagerhbadimenioefghe mvers@ect i ve one of MZI i nternal
arns 130a-b. The sub-beans are reconbi ned by an
opti cal conbiner 140 and the resulting beamis

directed into an OUtBEtrA%EBQH%]‘é g,gg@%m\pontrol si gnal
106 is applied to el 0 arm 130a,

whi ch Fig.dashesss ancidmatia diagrhimeadfch privriahtcoptizblanoddlatof 100.
that MZI arm The electric field affects the

Meodatar 1Q0 hasra weaveagpidejcirgnit 103and A driyer 14y Wayeguide ginguit 102

i X ' .
TR SRR B AU LRl B ARAS bse
nldnfeeforontOibddiecntvid dpilal bsb-béals aoiiva 104 c6mndls Olia a control
signal 106. |f the relative phase shift between the

tsignab L, Beeartative phaw shifybessen thesnbbrams and, Beerpiore, the phase

R ERERES of i orisaL o et heafbarBRicei By T SRV OERIE I "

150 ang, 6;%1:513{3\12& beaht et .,egeaa@&urt@taaaga‘r_(ﬂ&\eﬁguéid? _Sh%\ztvn in Fig.
i g

circuit 102, which results in substantially no -
Hei in gecoived by ahrinpntweavegueide 10 sDwavdguideccircyit 402 vad pplitgnto two

hjft b the t - [ th th .
SHbbsei by R oAl seities 3B, BRRH PR 5b-bEdhs Fha piapeates frough
ld e BRESEAMZ B irtcth R SHEABDa R VERWLHDedm? aR W cABSed by an

not substantially radiate into the substrate of

wptieg) wodbiner 1d0iand fi@2reatltingbeanals dimetednato abddtputiwavbguide 150.
results in maximum./|ight intensity [ utput. fro
wavegagroh sgnal|196ds arrlicdde clsrae 5_513? P? %2 3(5@_3{3(0@3 hich
t?:%al\f]\%% e@ec@ﬁ"@ﬁéi§Qn %%ﬁ)ﬂ (5fe(ﬁé{| Nzt R ﬁ@&ﬁ@tﬁ%ld affects the
(] Intensities being transmtted through waveguil de
ahatetialts réfiactivelindepd) adéchoih ttumeaffedtsphié sptigahphase aderaedibythe sub-
wavequide circuit 102 is al so determ ned

\Rsrmngp ek arebhilias| In sppirast, thogptiqal ghaso agﬁf&%ﬁb{e thl qpher sub-beam
S DGRl ) A K A g
HEo0ddn the Beesub-bedmsdis 180 degretd)ehen the sub-beams interfere
‘destructively’ at optical combiner 140 such that the light does not couple into output
waveguide 150 and radiates into the substrate of waveguide circuit 102, which results
in substantially no light being output from waveguide 150. If the relative phase shift
between the two sub-beams is 0 degrees, then the sub-beams interfere ‘constructively’
such that the light does couple into output waveguide 150 and does not substantially
radiate into the substrate of waveguide circuit 102 at optical combiner 140, which
results in maximum light intensity being output from waveguide 150. Intermediate
phase shift values (e.g., between 0 and 180 degrees) result in intermediate light

intensities being transmitted through waveguide circuit 102. The phase of the output
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experinmental ly nmeasured and nunerically sinulated RF
response curves, respectively. To obtain an

wezpeniasent al response curve, driver 104 is fiPGI/US2009/003873

configured to apply to waveguide circuit 102 a dc bias
vol tage that causes the output beamto have
approxi mately 50% of the .maxi mumintensity. Driver 104
is then configured to superimnmjdose a relatively snal
si nusoi dal RF signal onto the dc bias voltage, which
causes the intensity of th ut put . beam tp beco RF
stial BrogHcediuapuide urent 108 lsp dsperiae by B oliage qfeontrol
%%?FPiG%S swept across a frequency range of interest
e the anplitude of the sinusoid is being kept
const &ig. 2agrdphibalyashpinis taurelpreseintative radio-dregjuencyrBd) krapome of
at the output of mayegﬁide gircyit 102 is being.
faedulatayl00=; Morexspgeidispliy, dhe oisye 284 P@ﬁewttrqcs%mg?lg- Pareghe
o . . L. . '
iR meh ettt nd Wb SRANP I B fefitnsP i, respectively.
expobeiesh éxpefinentil eespbscaniple, tiida 10% it fiest opiifigatd fo apply to
intensity nodul ati on expressed in dB, respectively.
WRveswide sirFwt b02 2 de bias yhlagptbat cayses thexeuiphikpapyto have

responses, ofn, hcal nodul at ors sim | t.0 ,nodul at or
prenagy §0sh Rl Bha RO AR 2RRLLA 04 dREARGE to
%F&ﬂn%&seiaﬂ_@mm@l&%hﬁﬂ sitis6idal RY sighhEsRo e ddbikd Soltage, which
entirety. Fig. 3 graphically shows optical -domain

reansel dlhe intansiy of the loutrREbeasm mh@@mﬂbﬁqunlamdg Fipallyythee

ifi . th t.ivel || |- d .
Thsteneyed thdinbgtiod RsNi ol apsPhe denBRfy Bhepginrest
(Widikethe hinpBiud RIFkRLiniseid B W I 4Bt dok3taff atBihe Aliplitude of the

circuit 102. RF nodulation of the optical carrier '
gnggnsity mndwlatieyati the ostpntef wave@gide corduit 82 rheing mpasueed. Fig. 2

BB s Gomt gl on pretpa. LESiba By optal fng vertcal axes
Pk B YIRS CiGalib 110624 dcieARATR YT the

generated for Iven nodul at ron frequency.
raphpitidecdfithe hptidal antersity moduldtipn expasgidan dBymeespeasively. More

pair.s, one pair (solid arro corresponding tq the . .
i ey By o Ry msp g 18 pSRonses REORAERoRuors similar o
( ndi L OELL to s
{ABBNEG, 00 e SA) SRRY RIS TR il oo
depein by atferenbain ithenteetgct shape, or spectral content,

of the_optical-npdyl ati on si debands depends e

modul llg-o%grfaB]i“ﬁglg ﬁmvww@- Toman BReHEpghof the R¥Sesponse
B&hfih 5. DN WSROI refitaY 8 Sivod ReaRXAMBbSt 193,390

that increasing a frequency offset wth respect to the

0GHE rgiredenBuerptivalfdaninr ignat (asér bnJHpplied toesseguiliedaalof

attenuation . . . o . .
waveguide circuit 102. RF modulation of the optical carrier signal in waveguide

circuit 102 produces one or more optical-modulation sidebands at each side of the
carrier. For simplicity, it is assumed here that a single péir of symmetrically located
sidebands is generated for a given RF modulation frequency. The relatively short
arrows in Fig. 3 depict two such pairs, one pair (solid arrows) corresponding to the

modulation frequency of 2.5 GHz and the other pair (dashed arrows) corresponding to

_ the modulation frequency of 7.5 GHz. One skilled in the art will appreciate that the

exact shape, or spectral content, of the optical-modulation sidebands depends on the

modulation format and device-implementation specifics.



by about 2 dB (see also Fig. 2). Wen expressed in
terns of spectral attenuation gradient (defined as a

woredobus1of the sl ope of the response curve), PBEI/5S2009/003873
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increase in attenuation corresponds to a gradi ent
val ue of about 0.4 dB/GHz. In general, in the process
of inprinting spectral RF conponents of control signal
106 onto the optical output siégnal, waveguide circuit
102 wei ghts those spectral conponents in accordance
with the circuit's RF response curve.. If the ectra
2t t onUEPEEHOTER e ohiov PRIy BT SYATIFy MFLAPBISIRi L foqteacy offset
QRN feRpectVRY Bk QuiFRr %g&m& SdnPY . sW8 7euU I §n&Edse s bikndl etenuation
can contain distortions associated wth such
\hyi apoti 1B (seei adto Iign2)di Whelverniresyedinsteymafi spectradl attenuation
optij.cal -si gnal "eye" closure and/or other detripental .
ariP4clineg s a medplusief 1B 3inee Ferespamrec gihiningiease in

RO S ool 1t 3 9 eI 1,in th
\é@rg‘%{to 18%'&%;% g%oﬁ %%ﬁamr%ofj‘lﬁlg?g{%ggaccordi ng ?gneé?]em ©
grbaeds afiniprivdting spedtray Bitdopon&itsof esnttod sigazleléi cieo the optical
circuit 102, waveguide circuit 402 incorporates an Ml
AR §lenals WereeHid erqial 102, Weights thesp sp GIRPONgALS 1n accordance

i £ 8r . i i ' . i S 1.4
i SleERE AR BB BN SnE sl Sucliy Bl Pl feSelatively
e Mbe® el dpticalupavRforid4eherated PVaveghide eFowial 02 catbébntain
Thernp-optic coupler 434 is tunable and is designed to
chistortions agseciatsdpVithgpchtwaighjing, phichaan digafvatageansly caysg the
resonat.or . 460, Not e t hat t unabl e .qoupl. i .neans
SRSl ‘Rt R A b G AR B " 5,

Met hodsg, 4AlSHbvASa ShefaBE diaBiae bf # Wavégidd @fcuitefo2ahdt@an replace
stress, photorefractive efrects, or other techniques

tWiameguidalsireuit $02 moontichl modwlateg 409 hcqonding £d ers ¢mplodiment of the

refractiye i.ndex of vequi. terial(s),.can .be use
JEvEREhy SPRUR G Sriteeps SRl Revortnt o iR REpppates an
AP h&¥ind 8o MIESRRATD ArrASB 03, BoWRVEIUASEifTeRPBe HHveen

and an electro-optic phase shifter 464 |l ocated in the

| wanzguide surctitdl 02 aidat02 is Hiat tie thet latier, Y4 Aom 430adls emupled via a
phase shifter 464 is disclosed, e.g ., Jnh U S _ Patent )
Agﬁrmqfawtrcowupl% |43§! 1 POAPYEY r@é@@%&bfg‘ﬁ% 512?%%& Spapler 434 s
[ ; r
AREREHELTE I o] EEEDENEE {Rnkh BB A armp 4302 and
| lesdniahr 44). Noad thati tumiablelcatpling bastatied esanltB2rnad-optic can be
vvavegql‘Jri de circuit 102 and can be driven by contral

sysgh 0t coppler #3d.aMgthodsrsuches carFips ingsHONfRBIg SERICHEN Stress,
: : o
a@]%gggﬁgﬁgfger%g%g@& GHhlrlib i 0 ol BhabfPloriB BB b of the

ive phase
effective refractive index of waveguide material(s), can be used as a physical principle

of operation for thermo-optic coupler 434.

Resonator 460 has a waveguide loop 462 and an electro-optic phase shifter 464
located in the loop. A suitable phase shifter that can be used as phase shifter 464 is
disclosed, e.g., in U.S. Patent Application Publication No. 2006/0045522, which is
incorporated herein by reference in its entirety. Phase shifter 464 has electrodes (not
explicitly shown in Fig. 4) that act similar to electrodes 132 of waveguide circuit 102
and can be driven by control signal 106. In addition, MZI arm 430b incorporates a
thermo-optic phase shifter 436 that can be used to adjust the relative phase difference

between the optical sub-beams in MZI arms 430a-b, e.g., when thermo-optic coupler



bet ween the optical sub-beans in MZI arns 430a-b
e.g., when therno-optic coupler434 is tuned to change

W beoootspd | ng strength between MZI arm 430a anpiCT/US2009/003873
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resonat or 460. Furthernore, phase shifter 436 can be
used to configure waveguide circuit 402 for optinal
performance with various transm ssion formats. For
exanple, if basic on/off keyirhg is used, then phase
shifter 436 is set to achieve about a 50% power

output, or to a setting such that a n nnmum gpti cal
035 i e HercorRlod St e R HR 4905 P tpsonator
et ?ﬁéﬁﬁﬁ@,&fb‘%bé‘ ih& 4’3355 caftfbk uéééioecoﬂhgﬁ:%%{v%uiaé gialit 402

106. er nat or a duobinary or differentral

doneptirmdli fetfokmgnaegvitlovaritus tphamBssieh iféets. 486 exampleeif basic
set to create appropriate power. output_ from wav i de
Vel Keying 5 usesh thernphase SISt § HhissEh dechicrs glout BE0% power

b 616 Mbihe hABRATR nBhind P oFGOA BSSRL AltbSs attgined when the

inments o unabl e coupl er una coupl er

4ddduiftors ih A sttgcordBSpbigdingito Mo State oficontroLdighdld06.
operating principles described above in reference to .

teerpgtelypfor apehimatreorcdiffeigntial mipse-shifj-keyng fpranat sphase shifter
cpnptral t amunt Ligh m f ° .

bR oo B g Ponsbl @l Rl o AL AR, Feui g2 for tha

Shodfatidicfoemar € two out put ports, the light that was
previously described as radiating into the substrate

now suUbigs 4Bt shoy sekamtisxdiagrems af tver rearasentat yrgmbprstiments of

S5aIE sonprer € TR EPuPlEr 2R oRh £PE 2 SR 4R AT E 431, in which
i &e&ip@}dﬁﬁg gﬁﬁcfﬁ)l@ REQURI AB5¢ inkefrdnie i Dre ML 6f WAASAIde circuit

shifter 4 Fig. 4Cillustrates a directional coupler
air(@az ) ars uskdta erpitroh thetamdunh oblight ematiedfromugarle of dBput ports

o ha eSwewtoinale past it 3L $c Raf s ar® ot g Fork, the ligh
CRAAL AT RORAE HEdFDeP 8E MRERINE WMo RhONIDIRAE ndAVRGthAeAly couples

and thus control the anobunt of light emtted from each
aihtooaltemite patptispodB3B3b-b. AMEZI 43 DhahiowsS M5 direntipneal coplers 435a-

two of which can be serially, connected to inplenment )
tRiAb? heEpaPEF phase shiflgzA34¢ Theater Bﬁémllv-togﬁf‘a gleggribed
Ctﬂb'r%cﬁfw t‘fmﬂhﬁéﬁhiﬂef ective heater 439 that can
controlfa y change the transni ssion characteristics

t hr oudhigt4@ilhrsaateh a dinectidnat omiper agproaciptethe 4dpleamntdtion of
used in circunmstances where onlé]éone I nput wavegui de

dnpakloeounlenAdd. WMo saeeiBsallys Bingkleseyplendi4iof Fig. Z?(LZJ Ihas a heater

439 that is used to change the optical coupling properties between two proximate
waveguides and thus control the amount of light emitted from each of output ports
433a-b.

Fig. 4D shows a Y-coupler 441, two of which can be serially connected to
implement tunable coupler 434. Each of the “upper Y” branches of coupler 441 has a
respective heater 439 that can controllably change the transmission characteristics
through the branch. Furthermore, Y-coupler 441 can be used in circumstances where
only one input waveguide and two output waveguides are needed. Such
circumstances present themselves, e.g., in waveguide circuit embodiments shown in

Figs. 10 and 11.
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ci rcunst ances present thenselves, e.g., in waveguide
circuit enbodi nents shown in Figs. 10 and 11. Fi gs.

WG 2B ogsaphi cal | y show representati ve | 0ss curREBFUSNI/003873

MZI arm 430a and resonator 460. More specifically,
Fig. 5A shows a loss curve for the configuration, in
whi ch coupl er 434 has been tuned and fixed to
noderately couple resonator 480 to MZI arm 430a. The
noder ate coupling condltlon can be achieved, e.g.

wh | |
e S b S R bR e BTS00 an
geébgﬁt%{-étg& M@@Eﬁecﬁidaﬁ E SRR W05 0 8hrivE $6:8RE c&ifidubfion, in

coupl e and are oss coefficient and cavity
Ivehigh bouplertd3d hae bemmmed anidefiyeloth invatleyately wohple nesonator 460 to
re {esents the resonator round-trip Igss expressed i

c

13308 Hhegnedatate seupling cpadition cap de apheT e &I the

couﬁ@ncgaifgft%g) ggt rlg grglﬁg frgté% Lf{%?dj i}%{ﬁﬂaﬁéﬁ({}gt@ﬂ' % tPﬁ resonator
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are produced in the absence_of_.da tion b
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e dips in 0ss curves shown i1 n Figs

atsPawk uem to BfZniad30a. The spged cabplingsonditioasan d¢é achieved, e.g.,
caused interference between the |ight nmaking round
twhq@s:ovn I@g@ﬁtqr ivdis elose trafidld afterygtionrfactoras oherlegsscugyes shown in

RARFORE RS A BRARBFRRpd B FESRRR AR By oy
aﬁ%hg tHel Widveleh Aa(1®0n-rh6Qulatkh ecugtu@nbmnﬁatrsgfm Spplied to
set i ght

y coupler 434 controls the partition of
beaviggeide chieuiti#®ct propagat i on path and the | oop
ent of

"deto nd, therefore, I

font heRn iR VRS IR ind3ky SRelcalsd Plerkrérifta Bl
rsPECtRS BibARANCKE RITRARLABP Intérfer¥éaRtl el thé light thaldRZround trips
coupl er 434 enabl es the magni tude of the | 6ss curve

(thmgghl ¢t lesapfatar heopi Plg) resanabeestang sﬁﬁamt@bfrweme aibotlmer by a

dB, Th ffectiv th of r at o
TS5 PR gB a6 PORE By Shere Lo g piFBR fanggtime in
i the ! ler 334 cbifolffHel fl
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embodiment of waveguide circuit 402, coupler 434 enables the magnitude of the loss
curve (the depth of the dips) to be tunable between about 0 and 30 dB.

The effective optical length of resonator 460 is determined by the physical
length of loop 462, including the coupler, the passive, and the active (phase shifter
464) waveguide portions of the loop, multiplied by the effective optical refractive
indices of each section. This includes the optical phase accrued by the optical signal
in electro-optic phase shifter 464. A dc bias voltage applied to phase shifter 464
controls the optical phase accrued therein and therefore the spectral position of and/or
the spectral separation between the resonances. Alternately, two dc biases can be

applied to the coupler in a way that can control the position of the resonances. A
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position of and/or the spectral separation between the
resonances. Alternately, two dc biases can be applied
to the coupler in a way that can control the position
of the resonances. Aperiodic &iving signal, e.g., a
pseudo-random bit sequence (PRBS) applied to phase
shifter 464 via control signal 106, has the effect of
spectrally noving the conb of resonances in a

Fib&e RPN G d 0 94 fseiRBRSIdonfbid sequificd (PRESBH1&Yto phase
?ﬁe doubleﬁg%%ed ggrog% in Fig. BB A non-periog?c P
chhifter 464 siagoatrpl sgupal 106Nz thoeffes pHspcglyt mozingdheloomb of
bit stream (RBS), wll also nove the co of
TRSOBABASE 432 CRERSPPRTIRE REFRUF MAINED Frén ds isaled bethe doptle-
t Qﬁgif“ | tspS e YRRGR b A& £B%at 4 ding to
aﬂ\%g?eglge “(’)svlgrﬁ%isr%,ﬂtqﬁgﬁgp P ect rfg?]gtr)r%%%l ’atgbn51l [ hauceq e@
aamdonirbit istvean $RBB), it adkermb veethe esmbait cesenanvds,tbmt realnce

el Fopma A esi PP R qurayensa garied by the RBS. Paveraged
MRAMEAE! @B éﬁ%ﬁmu‘fﬁﬁg’igﬁﬁ%ﬁ’coﬁﬁ?&g%&d %&b Kroag%réﬁfé resonances

opti cal” signal proocess y wavegui de circult
Land g0 eaduvetteepthown in Fig. 5C i s anal ogous to each
of the | oss curves shown in Figs. 5A-B. Note that | oss

cur ve Bgp 5kl grankiqaibnshowithe ef&gfa efieyonator 480 pnceagigryfzequency
5 . [ [ r i f.
LIRS PBahd p P P fie8, BB Gp Rl il pgeessed by

GoaREmAs Cirohit #04.1 E&ds cah@ 502 shd@miim Fig) 6CAe uhisleégdis to each of the
transform ng that ﬁ%gnal into optical signal 428 (see
Hpgs. cunves sirpen d@m¥Figs nddB- apisrihatdescuee 12 has ageingpnmeas

BN, B doane T B D] S C R e oD ST 8PP UG paricd by
Stk&ihator 466 onfAhe cé@i%ﬁﬁfeggéﬂc& Yompbfen? BRSHi AP Sigh#1422Mn the course

causes optical signal 4 t 0 have nodul ati onsi deband
ofiimansferrhimgi thatadjghat indm optical kignalai28i(see-Figedjuency

conmponent originally. present in signal,K 422. Transfer

curve ﬁlfzia%magﬁlﬂs%@ mwg%@hgmnﬂf%rﬁéicavseg ghe spectral content
C ) ' ’ ' ignflf422.
SRS S BTG SRR RS hie) o

4NBre dpetificalhgthed plass tredubatibn east opticahsinnal2Bita dave modulation-

curve. The normalization value_ is obtained by treati nIg
phdeband gempenentsgn additiono gher arggrifEequengy: cosnpngrt-origipally

SERRLERLRR 22 FRALCELASP R i DD RO Bl B0
achafactegize (engeplitedeind phuds redpaetivedy, e tlaf mOdulation-sideband
components of optical signal 428. Note that transfer curve 512 is a normalized curve.
The normalization value is obtained by treating phase shifter 464 as “an effective
light source” that generates an optical sideband within resonator 460 and taking the
output power of that effective light source as a reference level. Thus, the value of 0
dB on the (left-side) vertical axis in Fig. SD corresponds to a situation, in which the
sideband power in optical signal 428 is the same as the sideband power generated
within resonator 460. Transfer curve 512 indicates that, depending on the frequency,
interference effects can either enhance or suppress the sideband power in optical

signal 428 with respect to that inside resonator 460.
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dB on the (left-side) vertical axis in Fig. 5D
corresponds to a situation, in which the sideband

W@owe448m4 opt i cal signal 428 is the sane as t hBCT/US2009/003873

si deband power generated within resonator 460.
Transfer curve 512 indicates that, depending on the
frequency, interference effects can either enhance or
suppress the sideband power imOoptical signal 428 with
respect to that inside resonator 460.Simlar to |oss
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g&ﬂl cally show the effect of data-nodul ation
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represent "two nodul ati on-si deband conponents of "t hat
amtlcabdlgn}ll g28.and %@W@Elatmlympnmdmm@t hothrsides af thercarrier-

equency of about 5 GHz cau ach of t
IR0 SR BLAES e, AL g i vep Eoaprepts o that optica
ab%@d{l afgf‘gd Gélg 9H:|E§ ‘ﬁ%&ﬁf 4 h®lulhfiSq Hegehcs SIRARRBIGILY, which causes

corresponds to a nodul ati on
feach o€ ﬂreynmdulahnusldaﬁnmmpmmmhtodmmestradbm&pzn‘htetl Heom the

modul at i on-si deband conpone ol be ectra y, .
s@ﬁ%?ra’%wep?yo%r@m@eetaw ?ﬁﬁﬂﬁ, K BomthenAs tg modulation

ah03tendPof Yot FHEHEE WISl KB 4 of¥81sideband

SO as to spectra l ace
tdfuenmmenuseas bt spgtrelly yepatadkbfren the cdrrienfréq@sicy 6<Em5()nent by about
subét antially equidistantly between two adj acent

resonances of |oss curve 502. This spectral

pI ace % seﬂkn%g of L:bt%g% Jﬁeanﬁqudng{or b6 gf'éesréfe%tew sbhs %o gﬁegtral ly

of transfer I ndi
place the carrier frequency (labeled o, in Figs. SE-F) substantially equidistantly

between two adjacent spectral resonances of loss curve 502. This spectral placement
also aligns the carrier frequency with a dip of transfer curve 512. As already indicated
above in reference to Figs. 5C-D, loss curve 502 applies to the carrier-frequency
component, whereas transfer curve 512 applies to the modulation-sideband
components. Inspection of Figs. 5E-F then reveals that, with the amplitude of control
signal 106 being fixed, a change in the modulation frequency of the control signal
from about 5 GHz to about 20 GHz causes the modulation-sideband power to change
by about 8 dB. In particular, Fig. SE indicates that, at 5 GHz, the interference effects

induced by resonator 460 cause an effective power loss of about -2 dB for the
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above in reference to Figs. 5C-D, |oss curve 502
applies to the carrier-frequency conponent, whereas

WO c@n®issi4 curve 512 applies to the nodul ati on-BCTHERzNN2003873

conmponents. Inspection of Figs. 5E-F then reveals
that, with the anplitude of control signal 106 being
fixed, a change in the nodul ation frequency of the
control signal fromabout 5 G& to about 20 GHz causes
t he nodul ati on-si deband power to change by about 8 dB.
parficul ar, Fig. 5E indicates that . . Lhe__. ..
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optical ~domai n response curve. The wavegui de-circuit
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s RF- fégp6AsB graphically Bhow hog/wdregnialpeircuit #)2 samobe wssd/to
wavegui de, ci rlc#f’t 402 can be used to groduce g lovi
IR Py FlX f1ab PRt BLACWBIREIPINES PUNE LT A IPOYNIRIGE egploying
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results of Fig. 6 can also be viewed as illustrating a
me¢thodioHbrobdardmtethie gnd wisltho aMiwe spebifichby,basgrerith isadienydefined
bandw dth iis qoften defined as the spectral, wdth . .
B tHER TG PRYCR PruaBi spHg Ropned ag-dB atteuation. Since

g?agtggféﬁgtdf reﬁ%cﬁ‘ﬁ@ chiv@ b &b RAOtR reh hcl SSPRARR E‘éﬂ%%& the 3-dB

s the equency separation between the 3-dB

atiteruEthi ppintHGi thespy iincredses theypandwidgases t he

bandwlgatfgr'ring first to Fig. 6A, a dashed line 602 shows the optical-domain response
curve of waveguide circuit 402 when thermo-optic coupler 434 is configured such that
the coupler fully couples light to the cross state, thereby causing the light to make one
complete round trip within resonator 460 and then be substantially fully coupled out
of the resonator and back into MZI arm 430a. This configuration effectively
minimizes the resonator effect on the modulator response. Furthermore, response
curve 602 predominantly represents the electro-optic response of the phase shifting
component, i.e., phase shifter 464. The setting of the coupler can also be tuned to

increase (e.g., maximize) the resonator effect on the modulator response. Response
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Referring first to Fig. 6A, a dashed |line 602 shows
the optical -donmai n response curve of wavegui de circuit

wWda R0 t her mo- opti ¢ coupl er 434 i s confi gur AI/E82009/003873

that the coupler fully couples light to the cross
state, thereby causing the Iight to nake one conplete
round trip within resonator 460 and then be
substantially fully coupled ol of the resonator and
back into Mzl arn1430a This configuration effectively
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opti cal -domai n response curve of %fve uide circujt 402
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0.06 dB/GHz.

This relatively low value of the spectral attenuation gradient can be achieved,
e.g., by appropriately tuning thermo-optic coupler 434 to find an optimal coupling
strength that produces an optimal shape for response curve 604 and forces response
curve 606 to attain a relatively flat shape. Intermediate coupling strengths (e.g.,
between 1 and the optimal coupling strength) will result in intermediate spectral ,
attenuation gradient values (e.g., between about 0.3 and 0.06 dB/GHz). Note also
that, in such a configuration, the resonator is preferably designed such that the

relaxation time of the resonator is faster than the spectral response components of the
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difference in attenuation for 2.5 and 7.5 GHz i nposed
by response curve 606 is now only about 0.3 dB, which

waeorwassonds to a spectral attenuati on gradi eneCT/EB2069/003873

of about 0.06 dB/GHz. This relatively |ow value of the
spectral attenuation gradi ent can be achieved, e.g.,
by appropriately tuning therno-optic coupler 434 to
find an optimal coupling strebh®th that produces an
opti mal shape for response curve 604 and forces

response curve 606 to attain a relatively flat ape
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t drive signal t cireuit anal ogous to. waveguid .

c&ﬁte{fitwlilelz INCRgasey tﬁs?%épij?orﬁ%lﬁw o8 9f the ﬁ@ﬂ?@on&ng optical
i j Nng an appropriate optical bandpass

?ﬁ%‘gyﬁg%t%%@n@dul ator output. Both of these

pri or -Eigs. 7TeaBdmapticallyi shbtvi logy wevaghidersrcuit 402 can be used to

di sadvant ageous” use, extra cqonponents (filters), ich .

i Gpopratatly ?lf%ﬂneéw?wwh pbamodykatay e ye%%fhabwa%%lm circuit

COIAGR RNHT 208k o HA o1 &OTTR B Sﬁiéapgar@b§§set€ﬂers. Referring first to
Fig. 7A, a dashed line 702 reproduces response curve 602 (see Fig. 6A). A solid line

704 has a shape corresponding to that of time-averaged transfer curve 512. Note that
the effective optical length of resonator 460 is now selected so that the laser line is
located approximately at the midpoint between two adjacent dips of response curve
704. As indicated above in reference to Figs. 5C-F, this spectral alignment also means
that the laser line is spectrally aligned with one of time-averaged spectral resonances
of loss curve 502 (not explicitly shown in Fig. 7A).

Referring now to Fig. 7B, a solid line 706 shows the optical-domain response
curve of waveguide circuit 402 for the same coupling strength as that corresponding to

response curve 704. One skilled in the art will appreciate that response curve 706 is
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Figs. 7A-B graphically show how wavegui de circuit 402
can be used to controllably limt the bandw dth of a

woredolasor enpl oyi ng that wavegui de circuit w PECDUS20091@03873

use of additional electrical or optical bandpass
filters. Referring first to Fig. 7A, a dashed line 702
repr oduces response curve 602 (see Fig. 6A). A solid
line 704 has a shape correspoidling to that of

ti me-averaged transfer curve 512. Note that the
effective optical length of resonator 460 is now
selected so that the laser Iine is |ocated
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appropriate physical Iength for wavegui de | oop” 4
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phyS| ngt h uide | oop 462, eqre

D auian Sir phetanaly SBAM EScuRieRaide die 307 63 Bt ag inverd
the b PRcaPRbinGirCRRINSE cthdé &Y Hjﬁleﬂul%?%ﬁlpﬂ%ﬁé At WAL tghﬁle circuit.
optim ze the nodul ator performance for a given se

tRefesmgSastan Hig. Bl4, aatashed lares802sshotvs asedpbaseamwmﬁlat)lfs analogous

resi dual dispersjon_and, other transni ssio
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|dd§@e&&ﬁn&a$eragéﬂfb®ﬁetral @EJoRSRRB AF RYs t@rve 502 (not explicitly shown in
Fig. 8A).

Response curve 802 differs from response curve 602 in that it is a shallower
curve, meaning that it is characterized by a smaller value of the spectral attenuation
gradient. More specifically, response curve 802 has a gradient value of about 0.1
dB/GHz, as opposed to a gradient value of about 0.3 dB/GHz for response curve 602.
One skilled in the art will appreciate that, depending on the circuit implementation
details and the fabrication technology, waveguide circuits might have a relatively wide

variation in their optical-domain RF response and therefore exhibit different spectral-
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that of tine-averaged transfer curve 512. Note that
the effective optical length of resonator 460 is

w@elleosssds so that the mninum (or the center pRCTU2009/003873

a dip in response curve 804 is substantially lined up
with the laser line. This spectral alignnment also
neans that the laser line is spectrally placed
substantially equidistantly bEiween two adjacent

ti me-averaged spectral resonances of |oss curve 502

b aTER et SRS 8 iR RIS B o e
SAER RYWBSNsE €hMR 804RAA HAY stddpér dutvd that FRp&Ese RuineB02DY g8 as

smal | er” val ue of the spectral attenuation gradient.
More specifically, response curve 802 has a gradient

SR S i g TRRRE RSB g

?E%Joh?éjcdr{?e SO %hﬁl—ﬁ%ﬁﬁ%r@%ﬁd%ﬁ%{ua%ﬁﬁﬁ@f ?&tpeﬂse curve

circuit 1nple ation detal a he fabrication
ted2hergl, 63yd B/ L thendesponsectiirts 80d ghtld baapprapriaklytmedifiyd to be
w de variation in their éﬁbi cg}é- domai n RF response .and
tstrePeThrcwyp 8P2 (ang; qures o) te plfeqtivaly nrodig aphypical circuit

' . ' habll : 0l teednt 0 sel ect
oA Blialioh arlthoud 6 RO birkently S ABG RO, B

St eepRefartihy dotvaFig. M anshd tine 886 Stdys the @pticaAoatadnresponse
in Fig. 8A. It can be further appreciated by one
surve dgvgvegeide caeyit dheorrgsponding sapanse ervepd0Zhand §04. One

S tral,-attenuation gradi ent equal t hat . of.

SRR e G o a8y Dhn iR S8 iRl productof
GEdpORsSaftvEsBU2chnde 03P m&@fnaa,tb@hausa%!;gsﬁs%ctum 81034 is steeper than
steeper than curve 802 (and curve 602) to effectively

pespdnsecuve 802 iresponss eurvé 806G israhiigvartedioptical rdvimesg respense curve.

FENCTELARITAL EERTACR: . t e

QRhéGAY dEQERED Wit RGNS Wi ﬁBdﬁﬁﬁ&Qﬁ%&%gﬁ& (%thé spteital
e

correspondi ng to response curves 802 and e
sskparheeh fromtthe carier fieguengyp rRecal that theaipticals¢main response curve

8Q6 i ybstantjally,a praduct aof .respo . 80
Sraraanidngran bR 1o ReRleaes i st B GO A geterally
ShEERRS Withah ihERRQBTShEROUEIaROL fre§ &P NTRe FONESIRW inFigs.

an inverted optical -domal n response curve. The term
"§ ArBaintiedte thitovdvdginide careuit #02 eanttwe used i effiext ta beercompensate the

oY O hUBEI RO PPLE AR O e TEpoeksear

RiHefildiRA théPnldiCsed e d S dt & rlly c Abdte HHRAF-frequency
e Al

the “opti cal -domai n response curv vedui de circuit
OR-afE prodaceaidiysronmadnibaticsi-systeaneemthts exttnab to theaiptical
gn?cr)]dGurlgtlolr I\{aving waveguide circuit 402.

Fig. 9 shows a block diagram of a communication system 900 employing
waveguide circuit 402 according to one embodiment of the invention. A CW laser
910 provides a carrier-frequency signal for waveguide circuit 402. An RF amplifier
930 uses a multiplexed data signal 928 generated by a data multiplexer (MUX) 920 to
generate data-modulated control signal 106. Waveguide circuit 402 modulates the
carrier-frequency signal as described above and launches a resulting modulated optical
signal 938 toward an optical receiver 990. En route to receiver 990, optical signal 938

might traverse one or more instances of some or all of the following elements: an



increases with an increase of the nodul ation
frequency. The results shown in Figs. 8A-B indicate
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over conpensate the radi o-frequency roll-off inherent
to the optical nodulator itself. The "excess"
conpensation then can be used, e.g., to at | east
partially conpensate the RF-ft@&quency roll-off
produced by comuni cati on-system el ements external to

e QLG LI, Slapechaalpafeb Fashiiin, fbtoson S tion

Qﬁnﬁgdugé@émmgn ﬁ@ﬂ%m ﬁﬁé%'%o%%. ﬁgrw agcthealges X

I ment of the Invention er 910 provi
xanhvéreer 9770 efjreeeivyr 39Wcwmiveftothewecebgdi aptical signal intd @ 2orrégponding

RF arrpllfl er 930 uses a nultiplexed data signal fg
el élan@;?@ which 15 dhepipspcessed bmﬁsensgme%lca £980.
dat & Y GlAhe Rl Uix 926118 adBlfier A Sﬁé {APMUX Hfek 940, add-

402 nD he carri er-frequency

dﬁ&pfﬂoﬂﬁﬂ: %b%ﬁﬁho@hde MuRdtles 960 r@/@ﬂ(ﬁawé@ermduﬁﬂMS impedance
optical signal 938 toward an optical receiver 990. En

ramplidier 889 aught\here bamiwidih lim#atiogis g dhpsedpodmidihimitations

tt%ﬁ%\fé%l&jsﬁaﬁzﬁ%ﬁ?gﬂ}s rvg%t :ﬁ’?ﬁsj’t a[asnc egwa%gc*ulemy roﬁl9 Bqueﬁltat%vt}fy similar
|16 gkt BRAAVn APEiCR Aﬁbﬁﬁ§g€oﬁ§lwoﬁf\1ﬁ§hﬁfe P4 Rit 40D cadlBe G8edno

nodul e 950, and an opti cal filter 960. An
apitigetel the detsmeptal affedts oﬁh@e lmdweith &imigirionsf Forexampls;

990 converts ce d o t| i.nto

SO RE AU SR 4 SO B e e g e rElef g o Figs. 8A-
8 REFSE %gmgé(nsﬁtetth@ﬁ?(ﬁé FREAEHG SolRBR i Sbgféd BB&ta ﬁﬁm% 920 and/or
al | of dat , RF anplifier 93 opt’i cal

fRF tmplifé)30avdhiatahe oodposteROrespptse oﬁthedmhhhl)(nédulater formed

960 O/Eco verter 97 edance. anpl.ifi
d’é’dhﬁwéﬂ?g% SR %f%leﬁﬁﬁn atnﬁttﬁf‘ohgp g isuRRiARAY flat over
attl@%fly%ﬁe tsyé?:'trﬁgﬁté{'v?%} if Efadid1BE8 Bl 4G Slatifel smaﬁ%g@ctral

equency r gualitatively simla
&immatlom dradjent3e.g Adingitdr ag éaiti sdryespomding) to rbeparise cuive 606 2hown
can_be used to mtigate the detrinmental  affects of

tindde GBantiliFrantively e maddgins, megué;wfﬂué,‘m&é@@ g copfigured as
Cde (gr?%e?]icaé(g? ﬁ%@fel?&c%zgl: %u%ggi% ?02% rrg%ﬁ{ e ??aqéi %@‘}Xcﬁolf&quency

fr@ﬂldiff foiRged b ¥né of o 6f dpricalU O telea40, M&(dﬂgﬁnodule 950,
and/ or RF an‘pl ifier 930 so that the conposite
r@%ﬁﬁ@‘rﬁiﬁel\’ﬁfx fitter . iQ/KIcoprritar A7 Orand Sransdmpgdange arnphﬁer 980.

g% ae mcth{;;l %ﬂ IV&]P ag{gl%cg@ t%a%lpo?ln é]e%sgf nae{milé g r

ant over are pectr

N dbhﬁfe\/@dtloﬂﬁs h@vaﬁfh@é@&ﬁl)eéapéblé dﬂecﬁlcfr@ thé nu@byr (Sﬂ‘@bbdmg errors at

spectral
receiver 990.

One skilled in the art will appreciate that communication system 900 might
include optical switches for rerouting optical signal 938 to a different receiver (not
explicitly shown in Fig. 9) analogous to receiver 990. This rerouting is likely to
change the radio-frequency roll-off imposed onto optical signal 938 en route to that
different receiver. In this situation, waveguide circuit 402 can be re-configured so that
the pre-compensation imposed by it matches the radio-frequency roll-off

corresponding to the new destination. In general, waveguide circuit 402 can be



attenuation gradient, e.g., simlar to that
correspondi ng to response curve 606 shown in Fig. 6B.

wao\Rdie/omstid vel y or in addition, wavegui de circuPCT/G82809/003873
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can be configured as descri bed above in reference to
Figs. 8A-B to pre-conpensate the radio-frequency
roll-off inposed by one or nore of optical MJX filter
940, add-drop nodul e 950, optilZal de-MJX filter 960,
OE converter 970, and trans-inpedance anplifier 980.

e s | ci,ate that thjis
;%%‘?m&é’:l}ﬁ et 4007 e belBRUBr e Tl e most
Qlf'&lt}ieE&Qém'rSutﬁngo%ﬁ Gx'aﬁgnthe number of
decod| ng errors at receiver . One skilled in the
ar t vv| Inlona pmbedmaane, thagurde mmmt 402 canbesyssd ema %@elength-

|ncgp§j switches.for rerouting optic
‘&’ﬁ’eﬂn g3 Cémm\”é‘&%tl‘\?e%' StERde BERPPIEA ‘i"l‘%mumca“on

d &d) WDM

Gl ), 5 qs?% a“*‘y RS RidsCto/ofE B 0@?9@;&32209

rc:Hahne:lﬁ f Optiged seﬂnnnﬁaatmp&gnak csrrgmhdﬁhgao ether WIDM ¢hannels are
that _different receiver. In this situation, waveg

cysually ehargpserized by pagteiarlP sl pBd(os ype ﬁéﬁlgﬂﬂéhstomon' YR contro
‘%I gﬁ:ﬁr&g 'i’ésgbhs%n Pgﬁ%s%agégdruhe @%L@Pﬁﬁ %.rl?ieexl(%mphﬁed by Figs. 6-8

ncy tro espondi ng

d@sntthéralbe wed té (proRiom)|in aweveoldblkemahiiaiihe ad@ell sigiml so as to
bedynam cal |y reconfigured to_have the bandw dth

cibplantially match she exastingrehanpe] diserlignt dgadesult all signals in the
DN Ty EleéS(l A h%\%%ﬁrgl% 8&1629 Qhaﬂggteﬁ%?casqgge%ghﬁ? bf the add/drop

wavegul e Clrcul

Vet ) @éhich atiabied the ¢Bmhriuikc e steW)procusthei vitadle WDM
systen1to generate a communi cati on S|gnal €. g., an

amultml@wa|awu®rm@@9@ﬁaslﬁgnttmarmre of the (idle or

d
cor r bt B kR Rk eRba T AR i8S Bad can be

chiat &t he bpE@U nituRitdiahatii§ Hﬂlzﬂé%dug Y&bptadad hﬁ)ﬂuhﬁﬁq 00faccording to
signal distortion. The contr over the RF-response

ewmtﬂr@lzbdb;aemmfé@mm&entmrr cWaveghile carcditdQ02pd generadly lapalogous to

can be us
cuieeyiedirean AARDe; D RET e St g oyeifouis are
S&&?gtnﬁféh'vﬁ'tﬂ Mb@l@%ﬁﬂng 'i’l?e %e%étﬁ@\t;\l):i\’glﬁn Gh tKE RO ptidthat follows,
As a result, all signals in the mul tiplex can have
sdlﬁﬁetmcesngh@istrmuae aod epérstior of thestetponslaveguidf cirhaits are
add/dr ({) functgg o, whi ch enabl es the comruni cation
R4 18 PPEAEAL t he whol e WDM nul tiplex in a uniform

SRR e
waveguide circuit 402, waveguide circuit 1002 employs a thermo-optic coupler 1020.
As a result, either one of waveguides 1010a-b can serve as an input waveguide for
waveguide circuit 1002. In addition, thermo-optic coupler 1020 enables operational
adjustments to light distribution between MZI internal arms 1030a-b for optimal
performance. For similar reasons, waveguide circuit 1002 also employs a thermo-
optic coupler 1040 instead of an optical combiner similar to an optical combiner 440
used in waveguide circuit 402. Note that similar thermo-optic couplers can be used in
waveguide circuit 402.

Each of MZI arms 1030a-b is coupled via a respective thermo-optic coupler

1034 to a respective optical resonator 1060. One purpose of coupling a separate
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used in an optical nodul ator that is anal ogous to
optical nodul ator 100 accordi ng to one enbodi nent of

wao beoomsent i on. Wavegui de circuit 1002 i s geneP@l/Ug2009/003873

anal ogous to waveguide circuit 402 (Fig. 4), and

anal ogous el enents of the two circuits are designated
with | abels having the sane last two digits. In the
description that follows, difi&rences in the structure
and operation of these two waveguide circuits are

BRSBTSt i B R R hRn 8 L, St i
WRHEAHDS wdvegHtt cHOAL 10RVEMIAE o th&Uh thel ARputeiEaPYéherated
a therno-optic coupler 1020. As a result, either one

of wavegui des 1010a-b can serve as an input wavegui de

for wavegui de circuit 1002. |In addi.tion, thernp-o

QYR _sstsmahé{ﬁ- OSBreAET A CopfiEuEPiR OB L A, [006a-b

HrRE hPéét éhﬁ?br? 2o0RED, MlectitiFrinah oggég@tejsgg’sg% Bekile a push-pull
ﬁ% perto r d

opti r mance. rsinilar sons, wavegul de
aypecefi dpeiddioR, whizh resmptk dry an autpbhiesignad haviag adeymkapeodddyt bw chirp.

i nst.ead_ aof an optical_ conbiner sinlar to an optical
deritional datads o peshrprlheRasgfipraef NinshsGendetmodiatass gahe found,

S L B A o PGS R0 AREHATS ATt e,
respeltivhich atdeomoratdd lereia iyl referehd8 4 their@ntiespeTlid pieysical
optical resonator 1060. One purpose of coupling a
woptchErredusion it explaiae i dstaly - 2a AR ommEaly Qe S.
t f ' [ t S . b
2feaf T Detn S50 RgoD1/8 2 Bt opUpL P20 AR oY

siSgmidondaster @peachl DoMAMBE U mthechCk Gl Y iificoffbtatel hein by reference in
representative configuration, control signals 1006a-b
disiepirg$hase shifters 1064a-b, respectively, in an

OpPOSig g. nl’sles\r;:ﬁ?vé %%F e%‘%tecvcﬁa%aglu(ﬁﬁ_ Q&Ueltgultsc’ilg gﬁrg‘?& }1%‘(\)’2' tr%lat can be

oper at'i sufts Th an out pu

agvai a06R1tal Moli@latos Mdt Bs ouis Q@ ticdErhaililatoP 100 according to
push-pul | operation of Mach-Zehnder nodul at ors can be

fanathgr embgdimenhofshginveatiemt Waypguidaciront F0BIis generally analogous
Nos. 2003/ 01750 d 04/ 0165893 ot h of ich are

R S pands SrcRonibeaRfz 0D aRacests it et ihF hap gfis are
Fﬁ@igﬁmé& W 1a5@§:ﬂmhgme%m;éh£§t I@wsg #31 HRvelver, BXP ARG e

etail, e.g., in conmmonly owne . S. Pat ent
Appiéanavaeguibe cirahits\N021add3 02 G2thaf ¢achk of MZIGBlenal AGOOY130a-b

B S of TS E ofp LGy B e bt
§BLdna Ry 1160. Using an additional optical resonator for each of MZI arms 1130a-b
is beneficial, for example, when electro-optic phase shifters 1164 are implemented in
a technology (e.g., carrier depleted Si-waveguide technology) that enables the
refractive index to be tuned within a relatively narrow range. This relatively narrow
range imposes a corresponding limit on the phase values accessible with each electro-
optic phase shifter 1164. Concatenation of multiple resonators 1160 in each MZI arm
1130 effectively adds up the phase ranges of individual electro-optic phase shifters
1164, thereby advantageously broadening the accessible phase range. In addition,
each of electro-optic phase shifters 1164 can be configured to operate relatively close
to the minimum of a selected resonance of the corresponding resonator 1160, where

its phase shifting ability (i.e., phase change per unit voltage change) is resonantly
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Fig. 11 shows a schematic di agram of a wavegui de
circuit 1102 that can be used in an optical nodul ator

W bab/oiss1enal ogous to optical nodul ator 100 acPCT/UB2099/003873

to anot her enbodi nent of the invention. Wavegui de
circuit 1102 is generally anal ogous to wavegui de
circuit 1002 (Fig. 10), and anal ogous el enents of the
two circuits are designated wi2h | abel s having the
same last two digits. However, one difference between

wa U|de |rc s 1002 d 1102 i s.t each of I

AT R R et et Vaftee The ot Gt Beithrdd Fee the
tdi‘ﬁ/’i cﬁﬁgé S;i;ﬂféﬁ% Rhich delptdsd SifidiR 1164 PR her oD tbeng
resonators 1 Usi ng an additional optical resonator
froultipleahsombtobZ] 16 toeadi B -abmi 14 30 enaflecinate, fldxability in the control
exanpl e, when el ectro-optic phase shifters 1164 are
i npl enented in a technology (e.g., carrier depleted

' ' Laenad thaf t
B e R0 R pb R PPk, B RN Rith jus
ok Sesoahtat bmagyomedm/v:abhmgél armposes a correspondi ng
limt on the phase val ues acceSS| bl g g th eac

EHE

el ect r¥¥Bike this ipnentiondias begn desephed wihaelerensg foghugrative

,%t;od gnet ?/ﬁlg &%ﬁofl%@r@ot ifref @ Yo Me!cofilt meaéﬁgllamtlf)g sense. For

s up the phase ranges o

elxamiple) a apidutatgrvdIke Hvehticar &n]b'bﬁﬂmplddi\ﬁnﬁba/s an integrated circuit
advant ageously broadeni ng the accessi bl e phase ran

Ihavingdioth & Wavegiide @fcutl (8@t ope op eireuitsiifd el 002, pad} K02 %fedta
< rlvcﬁﬁe g (? eglﬁ) d I‘ﬁaca%fif grtmelnrae\lv ¥e'gt(1ﬁcieyc1r%{1(3%?the 18%]1?10n can be

a se resonance rrespon

r@f&@a@t &fupleliGo ,thfe@ 6f fhokd SptivaPfSoribrk ! Fsgasgmxﬁdthy bandwidth
phase change per unit voltage change)

(]
rlm@ma {2 xymnb jagent ressanges sav he phg@b@sgrrynqtmajb' with respect

al be h
R ﬁ‘ﬁﬂl o Fogh BRaE of Hiflst G FEn Y ok B reptacea by
Euﬁéﬂn@e ecgw@inuagtorwublep Us4r Eﬁ&ﬂ&t&k%f%é@&eﬁsqogﬂcﬂzo

arm 0 enables nore flexibility in the control
dﬂ)4ﬂhmcblidp@ambe rdpdacet dy ttumabbpwaeguiksppligerscambiners, e.g.,

d | abl
5arTg onbted Dandsemoner 48 ph e hUmERG &h egivention
e A A A A g,

embodi ments, this descriptionis not intended to
ghasd shifet 46|4) geckives & lda‘@-medlﬂaed Haove sagaa’lpbvevegmde circuits of the

nmodul ator of the i ven can be nented as an
iTRYYioacap alsp be Gonlie Eﬁbwhoalqa&agwrd@ge opigal coupler 434)
(18ce - f 1. p ﬁ%gaéé data-
Frdfues R Modldiihp liia. L CRisE o oy tBt s e
onmhﬂatted dflvé klgnal i eddition te annbtead) pf the zplhhge s(hcftml é/dmbos
three or nore optical resonators. For as};lf
gaediicaiions of the escnbed embodiments, as well as other embodlments of the
invention, which are apparent to persons skilled in the art to which the invention
pertains are deemed to lie within the principle and scope of the invention as expressed
in the following claims.
Unless explicitly stated otherwise, each numerical value and range should be
interpreted as being approximate as if the word "about” or "approximately" preceded
the value of the value or range.

It will be further understood that various changes in the details, materials, and

arrangements of the parts which have been described and illustrated in order to
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limting (or inversion), adjacent resonances can be
pl aced asymetrically with respect to the optica
w@a0rioers14 Each or one of splitter 420 and conbP@EUS2049003873
can be replaced by tunable couplers, e.g., simlar to
coupl er 434. Each or one of couplers 1020, 1120, 1040,
and 1140 can be replaced by tunabl e wavegui de
splitters/conbiners, e.g., siddlar to splitter 420 and
combi ner 440. Al though enbodi nents of the invention

have.been ‘descyibed in.reference .t
i%pf@m {5 e, bl prtis Ty BF o B oS e it withour

P g flrtsBopsthaiREnt6d X@exﬁ&@&i in tl’i@YcﬁH)ng§ claims.

cul the i nvention can al so be configure

t h at dnsmupid sahndeou@ddethat the gteps ofmhe ccaémpkau;pinethodgée)t forth
recei ves a dat a- dulat d driv nal pti.cal
distrn are rrﬁ;ye?eéiaé} Y Eeaying io.heperformed rhe\fggsr. ‘%ﬁ%ﬂb nand the
addition to or instead of the phase shifter. Various
nodi fications of the described enbodi nents, as well as
afrBarof emmebsmfrsush niettidde shoulé bt understobd chbenereypanegiary.

t.o persons skilled in the art to m@ ich the ipvention

dakewispadditiongldersnapbe méhw:@ H frcp methedsnandyreataihtieps may be
, cfiﬁ”&gd 8{' E}‘Pglgé@ \éﬁ %ﬁéﬂ%ﬁs%%nﬁ?t@{de@ﬁﬁg e(;rhv?/I e?ﬁood@é%rﬁ%%e present

rgvenioaal val ue and range shoul d be |nterpreted as

belng approximate as if the word "about" or

*appr diafersnes Rereipte cerreambadimoni’ o "3 erpbrdipgnt gnqgps that a
é%ﬁgc%larlf%a l Ltng;%g.rf u%; t&%factérr]lgﬁé ﬁés%ﬁgec{ &acton}@crtio?l {h the
anges In and arrangenen

tdhebdaabies cahibe indhadkd ihaeRasiene kbedingdd of/tHeuﬁwrmbﬁd ma

order toexplain the nature of this invention may be

repfrearpyces b the pikase| "gyonaerabpdiment” ji vmas Plpsgain tha gpecification

N s e

diRpmtiot ehllbsmmmhe@eysaﬂ@tlh@ﬁanﬁ e:tchﬁs@vd &f dtBér@inibodlifents. The
not necessarily reqU|red to be perforned in the order

demerapphies toghgiterne' ipplgmentationfie steps of such met hods

2ddi t1 BRavEREERE' ffteh derFelThdby AR EHR, TSk b8 Rfue, are

GRSt Ve DhBRMARY ufd iABrddr &6l eﬂflalﬁoﬁﬂidﬂ ﬁﬂm lirhit BRS iAGélfion. The
consi stent with vari ous embodi nents of the present

i upe ofi tarms sugkedscheight elehgthewidth,dop,degtomnirotiiietinio fagititatethe
neans.t hat, .a

P P o e i 2B <nG Pl e nminapraghecific
VrihtdtioR.

Also for purposes of this description, the terms "couple,

"o

coupling,”

"on

"coupled,” "connect," "connecting," or "connected" refer to any manner known in the
art or later developed in which energy is allowed to be transferred between two or
more elements, and the interposition of one or more additional elements is

contemplated, although not required.
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enbodi ment can be included in at |east one enbodi nent
of the invention. The appearances of the phrase "in

woreosmsodi mrent™ in various places in the specP€T/T8L00D003873

are not necessarily all referring to the sane

enbodi nent, nor are separate or alternative

enbodi nents necessarily nutually exclusive of other
enbodi ments. The sanme applies2to the term
"inplenmentation.” Throughout the detail ed description,
the draw ngs, which are not ale, are illustrative
only and are used in order Q—é&@gl ain, rather than

I mgmat Recidimegnd:i on. The use of terms such as height,
| ength, wdth, top, bottom is strictly to facilitate

theldeésnnptmailnmdufatctrheorhpn'vséngi on and is not intended

to limt I Qn cific . orientatian. Also
f or %aptpcai@? b ehhte st wnlgrfgsttaér%r?ﬁcm@daﬁrf@l arms;
" coYpldi Ry géalrésgﬁggoedanﬁ "connect " "connecting," or

"connect er t'o any manner known in the art or
| at efirdepttal gpodplenadaptedito epticaily dosplalthofiest opticabeesonator and the
transferred bet ween two or nore elenents, and the

i reeintsaaal ermnwhsrehe or nore additi onal el enents is

cont enfgl: 8@1‘?&1 nﬁ%&%&?&qp Hkﬂ)tt 6&1&8(3 g’r &1 Widder With data

cl ai at or, conprising: an

afppliedito Mmhn@ehaﬂmre mcrdlﬂzartélemdreter having first and
second internal arms; a first_optical resonator;

first Hhpfirsaptiedgeronatonargthedirstonspel C@ap!eyar@&amrell%h%mnable
(RSPt ook BRI RnEPE S Mo ol Bl ool

an optical carrier with data applied to a data |nput
of the nodul ator; and the first optical resonator and
the2f|Tlsqmzesmt10@aqu&Wplr &vheggies control | ably tunable to

¢ han a'i ﬁgk 9 (ﬁ.lagcmﬁetﬂg ﬁr!t%ﬁrg%gstﬁe {st I) ?ca?pe(A#Jlaqgloli ché}actenzed

t he® nven

V\tyegqjeetralqegdnaﬁée hags induced in the first arm by t he
first optical resonator is characterized 5 by a

s petherfirst opsisaleavpler itgable to control a magnitude of said resonance.

3. The invention of claim 1, wherein the first optical resonator and the first
optical coupler have been tuned to cause the modulator to exhibit a radio-frequency
response characterized by a spectral attenuation gradient smaller than about 0.3

dB/GHz.

4. The invention of claim 1, wherein the first optical resonator comprises a
tunable phase shifter adapted to define effective optical length of said optical

resonator based on a received dc control voltage.

5. The invention of claim 4, wherein:

the phase shifter is further adapted to receive an electrical radio-frequency signal
to produce the data modulation;

the first optical resonator comprises a waveguide loop connected to the first

optical coupler; and
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the first optical coupler is tunable to control a
magni t ude of said resonance. 3. The invention of claim

wdaomboesei n the first optical resonator and t heCT/UsED9/003873

opti cal coupl er have been tuned to cause the nodul at or
to exhibit a radio-frequency O response characterized
by a spectral attenuation gradient snmaller than about
0.3 dB/GHz. 4. The invention 22 claim1l1, wherein the
first optical resonator conprises a tunable phase
shifter ad ed to defi.ne effectjve optical |ength of
sai H’ed’&?ﬁ%ﬁﬁ? 1p B%‘Bﬂgfaé “1%%%’6&’0 OB received dc
control voltage. 5. The invention of claim4, wherein:
the phase shifter is further adapted to receive an

el e6t rTirainverneffclabnue merein:gnal to produce the data

nmodul ation; .the fjrst optical yesonator conprises, a )
wa BB % a&ﬂ*ce‘gw@% gt 1B 11 Tt CPGshSERtoR S Spiapterized

. . p.
SV UoorRRTS Rptital finchited Bhch IR hoRUTNIER, a0
i ndtheadnable plse khifist isadaptby td bentfallably chpihgecalleast one of said
resonator, is characterized by one or nore spectral
r PSS REEEONSBach having a spectral position; and the
tunabl e phase shifter is adapted to controllably

‘change at | east one of said spectral positions. 7. The -

I nvent Tinin®éntidnaofldim 6)weiesdin: t he data nodul ati on
causes_ sai d spectral positions to _be time dependent;

anldﬂterf@tqaw_aé\éla@m fauses aid spespRlRpSIONS Hebe Hmedgpepdset and
SunSERS TRy AREERHIT I ERRERR e gusrpacd specta

Cra$dnaBe substahtiflly dt\a@iptiodl fEfquehddi dNte opival €drier. t he

data nodul ati on causes sai d spectral positions to be
ti me dependent; and the phase shifter is adapted to

spegt rﬁllé %v@ﬁt?q?ﬁoftcmmaéjjv@%?&fu ti me-averaged spectral

resonances so at”an dptical” frequency of the optical
car fHeedatd ot Glafidecaused 3 spetfrhlbdsiMdna € BE B dependent; and
time-averaged spectral resonances. 9. The invention of
cl ath® masq\%gﬁ@r, ig adapted to spectrally place two adjacent time-averaged spectral
resonances so that an optical frequency of the optical carrier is located between said

two adjacent time-averaged spectral resonances.

9. The invention of claim 1, wherein:

the first optical resonator and the first optical coupler have been tuned to cause the
modulator to exhibit an inverted radio-frequency response;

the optical modulator is part of a communication system having one or more
bandwidth-limiting components external to the optical modulator;

characteristics of said inverted response are selected to at least partially offset
radio-frequency roll-off produced by said one or more bandwidth-limiting
components;

the optical modulator is located upstream from said one or more bandwidth-

limiting components; and
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the first optical resonator and the first optical
coupl er have been tuned to cause the nodul ator to

wezxhobs4s14en i nverted radi o-frequency response;PCTES2009/003873

optical nodulator is part of a comunication system
havi ng one or nore bandwi dth-limting conponents
external to the optical nodul ator; characteristics of
said inverted response are seR®cted to at | east
partially offset radio- frequency roll-off produced by

sai d nor e bangdw dt h mtin

opt S i Fe3p g L farially st e Rmarr R A ianie-hfiegey roll-
MO @ RARAN it dHdc i dnl o et ARG tSn REDFEE VR (Rt ie6tically
response at |east partially pre-conpensates the

rcadpled o tgueodulatooyiachiid dne ormdreg harelwitth-khitegtcomponents.
signal reception at an optical receiver that is

optically coupled to the nodul ator via said one or

! €0 Danthh & Sr hbdlihd MR 10. A method of

rmdu ating ({nght conr'{pk?llléslﬁng apprl%yl ng an opti cal

car appying anaptxcq:ltcmk tdviac bpttahNteh-Zichbder fiedemineter having ﬁrst

havi ng flrst nd second internal arns, wherein: the
GdisecandNBieHay alp &Fefer f eroneter i s part of an

opt i Cahe BREU M&h*le{lﬁﬂ%giﬁﬁrﬁ%&@ﬂ sggﬁudkgﬁ Bptidat Hotaﬁfator and
conpri ses an optical resonator an optical coupler
adapt atle bptieap modalatyr farthed conipiiseat optadal ree&m&atamd aanxﬂ»tlcal
the first internal arm nodul ating the optical carri
vioupler adaptedigiapagalicoxplria OPH%feSQPatPh@%E rgdpiema arm;

and
t
oS S RS A 5SSO AT
tdnd nodul ator to t he dat a nodul ati on.

controllably tuning the optical resonator and the optical coupler to change radio-

frequency response of the modulator to the data modulation.



