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10  Projects Agency (EPIC-DARPA). The Government has certain rights in this invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to optical communication equipment and, more

15  specifically, to optical modulators.

2. 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
20  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

25  the optical-signal quality.

SUMMARY OF THE INVENTION

According to one embodiment, an optical modulator has a Mach-Zehnder interferometer

(MZI) and an optical resonator coupled, via a tunable optical coupler, to one of the MZI internal
30 arms. The optical resonator induces in the MZI frequency-dependent optical losses that can be

represented by a comb of spectral resonances. The coupling strength between the optical



SUMVARY OF THE | NVENTI ON According to one enbodi nent, an optica
nodul at or has a Mach-Zehnder interferoneter (MZ1l) and an optical resonator
coupled, via a tunable optical coupler, to one of the MZI internal 30 arns.
The optical resonator induces in the MZI Hrequency-dependent optical °l osses
that can be represented by a conb of spectral resonances. The coupling
strength between the optical 2 resonator and the MZI set by the optical
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15  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

20  response of the modulator to the data modulation.

BRIEF DESCRIPTION OF THE DRAWINGS

Other aspects, features, and benefits of the present invention will become more fully
apparent from the following detailed description, the appended claims, and the accompanying
25  drawings in which:
Fig. 1 shows a schematic diagram of a prior-art optical modulator;
Fig. 2 graphically shows a representative radio-frequency (RF) response of the optical
modulator shown in Fig. 1;
Fig. 3 graphically shows optical-domain manifestation of the RF response shown in

30 Fig.2;



O her aspects, features, and benefits of the present invention will becone
nore fully apparent fromthe follow ng detail ed description, the appended

clainms, and the acconpanying 25 drawings in which: Fig. 1 shows a schematic
diagram of a prior-art optical nodul ator;3 Fig. 2 graphically shows a
representative radio-frequency (RF) response of the optical nodul ator shown
in Fig. 1; Fig. 3 graphically shows optical -domain mani festation of the RF
response shown in Fig. 4A shows a schematic di agram of a wavegui de

circuit that camg.bzm useb d Rhéh@iciddradlof ARAVERIAY cibhit Hiag canlbeaged ncthe gptical
one enbodi ment of the invention; Fi gs. 4B-C show schematic di agrans of
two repr es@ptelaioyef Bighbascadingtosme smbodinsneoidbeipvertionsed i n t he wavegui de
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Fi gs. 53\- Fc@fp&dﬁhhéﬂa]tﬂtbe wheguide piradesitRig.iase spectral characteri st ics of the
wavegui de circuit of Fig. 4; Figs. 6A-B graphically show how t he
waveguide circuiig 49 shovg a -ceuplenshat sap g€ pepddp HHE‘E@ellt(?atuP@l%?Q‘W ysedyin the

optical - dogaiulLspenesrEYrae for a nodul ator enpl oyi ng that wavegui de
circuit; F@%‘*?A— B gr aplﬁgca 1y show how t he wavegui de circuit of Fig. 4

can be used to BigntSheF geiphigally shiotv represdntaticrovspiichralothamcieristids af the veavpgwigé ng
t hat wavegui de circyit; Figs. 8A-B graphically show how t he wavegui de
circuit of “FfU¥°1F1&4n be used to invert 15 the optical -domain response

curve for a WDQE{@%%B%&E%WW%M@W%W%Q& itdun W Fig. Bictn bOuseld @yVproduce
bl ock di agram of "a communi cati on system enployi ng the wavegui de circuit of

Fi g. 4lGccoaraativglytitat opticabdbmainresponssicurvedor amedelpion 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. 8A-B graphically show how the waveguide circuit of Fig. 4 can be used to invert
15  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
20  the invention; and
Fig. 11 shows a schematic diagram of a waveguide circuit that can be used in an optical
modulator that is analogdus to the optical modulator of Fig. 1 according to another embodiment

of the invention.

25 DETAILED DESCRIPTION

Fig. 1 shows a schematic diagram of a prior-art optical modulator 100. Modulator 100
has a waveguide circuit 102 and a driver 104. Waveguide circuit 102 incorporates a Mach-
Zehnder interferometer (MZI), the operation of which is based on interference between two
optical sub-beams. Driver 104 controls, via a control signal 106, the relative phase shift

30 between the sub-beams and, therefore, the phase and intensity of the optical output beam

produced by waveguide circuit 102.



Fig. 10 shows a schematic diagramof a waveguide circuit that can be used
in an optical nodulator that is analogous to the optical nodul ator of Fig.
1 according to one enbodi mrent of 20 the invention; and Fig. 11 shows a
schemati c diagram of a waveguide circuit phat can be used in an optica
nodul ator that is anal ogous to the optical nodulator of Fig. 1 according to
anot her enbodi nent of the invention. 25DETAI LED DESCRI PTI ON Fig. 1
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circuit 102 is al so 20det erm ned t voltage of control signal 106.
Fig. 2 graphgully Téln@mse@fﬂ@m*méﬁnga@hm@dw% bWﬁY“@é}lﬁéﬁH?u‘(m%gslal@gponse of
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ore specifically, the “noisy” and smooth traces in Fig. 2 are the experlmental y measured
and numerically simulated RF response curves, respectively. To obtain an experimental
response curve, driver 104 is first configured to apply to waveguide circuit 102 a dc bias voltage
25  that causes the output beam to have approximately 50% of the maximum intensity. Driver 104
is then configured to superimpose a relatively small sinusoidal RF signal onto the dc bias
voltage, which causes the intensity of the output beam to become RF modulated. Finally, the
frequency of the sinusoidal RF signal is swept across a frequency range of interest while the
~ amplitude of the sinusoid is being kept constant and the amplitude of the intensity modulation at
30 the output of waveguide circuit 102 is being measured. Fig. 2 displays the measurement results

on a graph, in which the horizontal and vertical axes represent the frequency of the sinusoidal
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optical-signal “eye” closure and/or other detrimental manifestations.

Fig. 4A shows a schematic diagram of a waveguide circuit 402 that can replace
waveguide circuit 102 in optical modulator 100 according to one embodiment of the invention.
Similar to waveguide circuit 102, waveguide circuit 402 incorporates an MZI having two MZI
internal arms 430a-b. However, one difference between waveguide circuits 102 and 402 is that,
30 in the latter, MZI arm 430a is coupled via a thermo-optic coupler 434 to an optical resonator

460. Thermo-optic coupler 434 is tunable and is designed to control the coupling strength



460. Therno-optic coupler 434 is tunable and is designed to control the
coupling strength 6 between MZI arm 430a and resonator 460. Note that a
tunabl e coupling neans other than therno-optic can be used for coupler 434.
Met hods, such as carrier injection, carrigr depletion, stress,
photorefractlve effects, or other techniques that enable controllable
change of the effective refractive index of waveguide material (s), can be
used as a physical principle of 5operation for therno-optic coupler 434.
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20  circuit 402 for that modulation format.

Figs. 4B-C show schematic diagrams of two representative embodiments of tunable
coupler 434. Tunable coupler 434 shown in Fig. 4B has an MZI 431, in which the operating
principles described above in reference to the MZI of waveguide circuit 102 (Fig. 1) are used to
control the amount of light emitted from each of output ports 433a-b. However, in the case of

25  MZI 431, since there are two output ports, the light that was previously described as radiating
into the substrate now substantially couples into alternate output ports 433a-b. MZI 431 has
two 50/50 directional couplers 435a-b and a thermo-optic phase shifter 437. The latter is
similar to the above-described thermo-optic phase shifter 436.

Fig. 4C illustrates a directional coupler approach to the implementation of tunable

30  coupler 434. More specifically, tunable coupler 434 of Fig. 4C has a heater 439 that is used to



7 change the optical coupling properties between two proxi mate wavegui des
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partit i19 n mat &ngﬁres@ﬁ{s\f\ﬁeeﬂgsénlaﬁ)r %Jnﬂgf'ip 49 Q%sk@ fh &Rt f‘ig. 5B shows a loss curve for

the configuration, in which coupler 434 has been tuned and fixed to critically couple resonator

460 to MZI arm 430a. The critical coupling condition can be achieved, e.g., when coupling

factor p is close to field attenuation factor y. The loss curves shown in each of Figs. SA-B are

produced in the absence of data modulation by slowly changing the wavelength of the (non-
20  modulated, CW) optical input signal applied to waveguide circuit 402.

The dips in the loss curves shown in Figs. 5SA-B, also often referred to as spectral
resonances, are caused by interference between the light making round trips through the
resonator loop. The resonances are separated from one another by a frequency interval that
corresponds to 1/T, where T is the round-trip transit time in resonator 460. The coupling

25  strength set by coupler 434 controls the partition of light between the direct propagation path
and the loop “detour” path and, therefore, determines the extent of light extinction due to the
interference. In a representative 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

30 462, 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
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of the modulation-sideband components of optical signal 428. Note that transfer curve 512 is a

25 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. 5D 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

30  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.



30curve 512 indicates that, depending on the frequency, interference
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25  signal from about 5 GHz to about 20 GHz causes the modulation-sideband power to change by
about 8 dB. In particular, Fig. 5E indicates that, at 5 GHz, the interference effects induced by
resonator 460 cause an effective power loss of about —2 dB for the modulation-sideband
components of optical signal 428. Similarly, Fig. 5F indicates that, at 20 GHz, those
interference effects cause an effective power gain of about +6 dB for the modulation-sideband

30 components.



configuration illustrated by Figs. 6A-B helps to flatten the optical -donmain
response curve shown in Fig. 3. The wavegui de-circuit configuration
illustrated by Figs. 7A-B helps to bandwidth-limt the optical-domain

response curve. The wavegui de-circuit confg guration illustrated by Fi°’gs
8A-B helps to invert the optical -domain response curve. One skilled in the
art will 10appreciate that other configurations of waveguide circuit 402

can simlarly be used to achieve other desired nodifications of the
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20  couples light to the cross state, thereby causing the light to make one complete round trip within

1
§)

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
25  tuned to increase (e.g., maximize) the resonator effect on the modulator response. Response
curve 604 characterizes the modulation-sideband frequency response of MZI arm 430a and
resonator 460 in the latter configuration.
Note that the shape of response curve 602 is similar to that of the response curve shown
in Fig. 3. The shape of response curve 604 substantially represents the shape of time-averaged
30 transfer curve 512. The effective optical length of resonator 460 is selected so that the

minimum (or the center point) of a dip in response curve 604 is substantially lined up with the



5CGeneral ly, one can spectrally align a resonance conb with a carrier
frequency by appropriately setting the effective optical length for the
optical resonator. Referring nowto Fig. 6B, a solid line 606 shows
the optical -domai n response curve of waveguide circuit 402 for the sdanme
coupling strength as that corresponding to response curve 604. One skilled
inthe art will understand that response curve 606 is substantially a
product of 10response curves 602 and 604. As in Fig. 3, the relatively
short arr olaseriline Koigicaloritedteqliericyw@omponient)aéprasedicd by itleeartivd batadiat, abome pai r
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forces response curve 606 to attain a relatively flat shape. Internediate
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conponkht sregponspeursefifidl and 1604.hAs itf Figgdidheselativhly shert amrowseinyFig.| 68 depicd o of
response cur.ye .60 I t . RE nent s. [ sjgnal 106
to be nor ebl aa{f:scotfr%%ﬁ%g aﬁg‘?r“'r@??aﬁl? g(ﬁ)%gﬁ%%fst%hg albr(f) %{:Eg’?regﬁoé%ggf“ﬁ@gv% ({dﬁla\%@\}egui de
circuit 408equeacy o2 HGra\uag thed@hdipal ddshddadrovAS carréspsdilg toapé moahlateyv ef or ns
generated by wavegui de circuit 402 advantageously contain fewer and/or
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transmtter having a isfimte requency

r ange. 15or gadenplatye dfaboyds® dB/IGHzr ed 30duobi nary is a transm ssion formt

that, at a bit rate of out 40 /s, enables favoragble rformance if the
#pdon vBleaEa % Pheach
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gfm p: g:lt h@fﬁ)p&?&lﬁ%ingt%ﬁ&ﬂw&ﬁﬁ colbipibd 43390 find 3h bEIm ARG HRYgRARR Ng the
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
20  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 signal at that frequency. The relatively flat shape of response curve 606 enables the spectral
RF components of control signal 106 to be more accurately imprinted onto the optical signal
25  with waveguide circuit 402 than with waveguide circuit 102. As a result, optical waveforms
generated by waveguide circuit 402 advantageously contain fewer and/or smaller distortions
than optical waveforms generated by waveguide circuit 102.
For optimal performance, certain transmission formats use a transmitter having a
bandwidth that is limited to a specified frequency range. For example, low-pass filtered

30  duobinary is a transmission format that, at a bit rate of about 40 Gb/s, enables favorable

performance if the transmitter has a bandwidth between about 10 and 13 GHz. In prior-art



signal (such as control signal 106, Fig. 1) through an appropriate

el ectrical bandpass filter before applying the drive signal to a circuit
anal ogous to waveguide circuit 102. Alternatively, bandwidth limting is
achi eved by placing an appropriate optical2 bandpass filter at the °
5nodul at or output. Both of these prior-art bandwi dth-limting solutions
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di ps. The spectral aration between the dips can be sel ec{)ed by (i

sel ecting BeW sglpsterhyq tatehe lagailing)is logsied ppororimaieled thesmidrgivh %Wﬂe‘h‘ﬁ’ﬁ’ll or (ii)
tuning phagg,shi &lggem%ng{ﬂ@@v&?%mawwa &lin kEGEUR PFF yge@y@QUth%es peQRp

462, the degree o Imtation can econtro adj usted wth
t her noiHpt hlignhenphles méads thactdlﬁe)lasqm hias & splaétfaﬂlg rahga&zﬂ with aptdftinmeavielegedrepbatralt or

performance for a |ven set tra ssion-| i ndi ti ons, such as the
amount of FeEQTAGE © él?%ﬁlé“r"&%g %Pﬁ&xlgfqr‘r?& Warie g?‘ n-1ink inpediments. In

addi tion, multi ﬁéf@gfﬂ%%%%% 3% 7@9%&1&3&%@%\% {hk”obﬁ@.ﬂ d§ﬁ§ﬂere§ﬂaﬁsesd%€et6fal

response of th at or Figs. 8A-B graphically show how wavegui d
circuit 4021av@mdeenmme402 for ithevsamie cbh;ﬁmpstmngh asithab¢onresprmd g e rasponse ctutvc a

nodul at or t hat, wave decr Referr .1 '. to Fig. .8A
T nsned 1 0D GUo A e Rt S trpiecti (il einasy i, Afts Sihslarfifhd Boffud of

curve 602 (366nsEtlrveSR anth 798! Ndtd thiahSPshdRActh A SRANG EPoh SPARII08Gs §hallehat
of tine-averaged transfer curve 512. Note that the effective optical Iength

of resonat tran4igObandwiith defined by cesphizse cuhve 702 niThe extémsrof bl vadthtreducon ist ) of a
Th's Spect PAHRTRT BhHEPearLPARIRG e IR assrPrshetrs 08 am FaRkyh ST aced
those dips. The spectral separation between the dips can be selected by (i) selecting an
appropriate physical length for waveguide loop 462 and/or (ii) tuning phase shifter 464. For a
25  given physical length of waveguide loop 462, the degree of bandwidth limitation can be
controllably adjusted with thermo-optic coupler 434 and/or phase shifter 464 to optimize the
modulator performance for a given set of transmission-link conditions, such as the amount of
residual dispersion and other transmission-link impediments. In addition, multiple resonators
could be used to further shape the spectral response of the modulator.
30 Figs. 8A-B graphically show how waveguide circuit 402 can be used to invert the

optical-domain response curve for a modulator employing that waveguide circuit. Referring



substantially equidi stantly between two adjacent timnme-averaged spectral
resonances of | oss curve 502 (not explicitly shown in Fig. 8A).

Response curve 802 differs fromresponse curve 602 in that it is a

shal  ower curve, nmeaning that it is charagferized by a snaller valuecof the
spectral attenuation gradient. More 10specifically, response curve 802 has
a gradi ent value of about 0.1 dB/ GHz, as opposed to a gradient val ue of
about 0.3 dB/GHz for response curve 602. One skilled in the art wll

appr eci at efitd@f Fig IR s 1812 JoR8h&kS £bsporseBlrosBIAt Blahslbgsistdidspordaduivbe
fabrication technol ogy, waveguide circuits nmight have a relatively w de

vari ation POR (sheFig. ob).i 4avlidines804 IrFa skaps sagespanding ethatfad tienesgvieraged transfer

di ff | ¢ iQn.. ' 1. TR i,ali | | oi t ed
15 1o sol cBteoia M. thegro kbl Akt 88 el M edPuf L0 0, ' ©

curve t hannfi@sReN®e tHeWedRr S8IRL) o€a ip, in 2&pEHvR\WirveB0Fiigsub&éntidllly li@adupeithylid her
appreciated by one skilled in the art that, if response curve 802 had a

spect r af - ataserlingt (This sgecienl alignmegiialso mgansiibat thyy lapesdipe iiscpediglly plased e. g. |
0.3 dB/ GHz ' i.fd o be
st eeper t h&bs@ﬁﬁ@?@@%ﬁ%ﬁrﬁ@%ﬁ%\;ﬁ Q“ég %ﬁwfegt g@? —aé‘lg ?Iiragg g)? g‘%ﬁé}d{eﬁglgﬂg&p(ﬁgﬁsc al
circuit coslfiivg8oRinooexmisitlychows it Bigt $8). 20currently illustrated by Figs.
8A- B. Referring now to Fig. 8B, a solid |line 806 shovvs}@ilhe

opti cal - domai n Resppesssarve f0g differs framagenonss i veco2iin Apd 1tdhs Shall BRTURE t o
response c : ; | ' | oeflichk © t
response cg{eélgﬁ%gjgg}t?ghg sfegﬁﬁgf%%hgleg?%l ggf&gfsﬁcgg%\égﬁg%ﬁ%ﬁrg\%gﬁréol\z/fogﬁd
804. Nob e tpeaificaliecesporseronsed@ das apradieBOvhlucsofsbewdkel dBaiz, reepposektocur ve

802, response, curve 25806 | i nyerted optical-damain respons rve. The
term"i nveg'fagﬁm %a:(‘&ﬁﬁfg“%%t d’égﬁm rfﬁp%‘iﬁﬁﬁuﬁvﬁzpz't e?f‘ﬁ‘“éﬁ&ﬁge ﬂf Y"ﬁﬁuati on
general ly deoL&as et Wepdhddly dithé 8RR ifipldnhiitdRd de@lls &MY the eMHeR N tédholoBe

spectral separation fromthe carrier frequency). Recall that the
opt i cal - domaveguidesonisemight baveafrelati vely wiidtevagiatienuintthaiooptical-deovagin EFaesppase by

si deband att enuat.i on t.hat.gener al increases mith.an inc e qf .
modul at i on%‘f@'ﬁﬁgﬁgﬁhl%gl@&%ﬁ ISQes?J[rglﬁ%&Bu %wnlgiregi % ESSAﬁ’éS %xaﬁﬁﬁf%agﬁo s eg‘Eg)fted
waveguiisle € gefdét EordRRnS,AMmdBOWMSE tbsphse tiire 6 804 artbead ﬁ@[ﬁpﬂﬁﬁ&t tBar feSponse curve
radi o-frequency roll-off inherent to the optical nodulator itself. The

"excess" c8Pbersasishorn ndigckh leanbefrtheriappeecigted bypngskiflad iy the agt thag)if y
te the RFE-f | - of | I.Oon-
ol ohent o, oRrbrarus SPAERE oreBint HehuPloR AR, KPR Fabb R BB 60T 0.

Fig. 9 shops dB/GH el tap6REcRive 804 60T BE afProftately slodified @®bestpdpeyihag curve
wavegui de circuit 402 according to one enbadi nent. of the invention.

A CW

| aser 910 B0 (andeurvg 602) tpjeliectivoly regduss @physieH gircyibsonfigyiation analegopg g that402.

An RF i f : ipl exed data signal 928 ted b dat
n ?@e?ﬁ%ﬁﬁﬁﬁ%&%&?gwgﬁ?}ﬂ& exed data signa generated by a data

multip ate dat a- nodul ated control signal 106.
Vavegui de ci r cuRéfeding nomoiol Fig. 88, b kelid ke 806rshbwe ticapdyal slogiaial regronskeayvd difed
above and | aunches a resulting npdul ated optical si g(lcwal 938r§%ci¥\gr,d an
optical red@veadegirsuit ¢f2 porrgsponding laespoBse cyoNss 887 a4 Onsrekilied agthgiagh

traverse ongy 9hpIR4E thed S POE SRt 866 [HsuBtartlally QfprddiBt §rRbdpBideMrves 802 and

804. Note that, because response curve 804 is steeper than response curve 802, response curve

25 806 is an inverted optical-domain response curve. The term “inverted” should be read here to
mean that the sideband attenuation generally decreases with an increase of the modulation
frequency (or the spectral separation from the carrier frequency). Recall that the optical-domain
response curve of waveguide circuit 102 is characterized by sideband attenuation that generally
increases with an increase of the modulation frequency. The results shown in Figs. 8A-B

30 indicate that waveguide circuit 402 can be used in effect to overcompensate the radio-frequency

roll-off inherent to the optical modulator itself. The “excess” compensation then can be used,



10el enents: an optical MIX filter 940, a |long-haul optical transm ssion

fi ber 945, an add-drop nodul e 950, and an optical de-MJX filter 960. An
optical -to-electrical (0/E) converter 970 of receiver 990 converts the
recei ved optical signal into a correspondifg el ectrical signal 978, which
is then processed by a trans-inpedance anplifier 980. Sonme or all of data
MUX 920, RF anplifier 930, optical MU filter 940, add-drop 15nodul e 950,
optical de-MJX filter 960, O/E converter 970, and trans-inpedance anplifier
980 ni ght Bbay e kaedvpatiiflly éompentdons REThafenba0IWILibdldedby abmangichidn-cal | y
mani f est thenselves, e.g., as a radio-frequency roll-off qualitatively
simlar toSYsem elomens exﬁqnﬁi@th@,optm@l/@ﬁ@ld@ébhaw@g weegaidaicienie4®ecui t 402 can
be used to mtigat I i ons.
For ‘oxampl e, vebBgnriinat Foth JEhD ord b disalio H35H AW Wb O
20 ref er engicliod(2i e@Sord&é—t@oﬁ@erﬁlﬁtﬁiimélﬁmﬁ&fkﬁﬂfl@tlbﬁlEArCaWi laset D EOIpr@Nidys 4 Cdrtierof f

i nposed by data MJX 920 and/ or ifier 930 so that the conposite RF
respons® ofteguacyigna for waygapide wcmf%ﬁe AnRE amplifienfS0 ysese revlﬁle@ri@d dathggemt a
MJX, and t

spect ral i AELPunSl bl Bl hBuRMAE BLT 02l od acbradi Bl Aol AL sl S06.
attenuati oww@i&mircu1e4@ modulate$ the chiviet-fraguency sigag) andésogbddabbes paiiagmobey ve
606 shown in Fjg. 6B 25Alternat|veIP/1pwa in addition, waveguide circuit 402

can be configpiltig medulntedontiselsigng tdemeapiifl deqepyepP Yl  Epiouts tp geceiver
pre- corrpen?? %ﬁl@cﬁ s@% 933 d’lélg 2 g‘&%‘é%% gﬁ% lér él%,lhémﬁﬁéagﬁ s@ﬁw%‘? a1 9f ¢ @’%l‘f'ovg

opti cal ter optica ter 6%, 0/ E
conver iér @léthen@anth cbptmanlsMUD@ﬁkﬂar%ﬁ eallmpg-ihﬁlilexptl%(ﬁan@mesmkﬁbéréés; an addelrey t

Advant ageolRyicasdatnen P deRIa i IRe Shlnba PPur-soBEtEeR g D P BY e 0 of
receiver 99Q.iveddo convermﬁe ?éﬁbllvlzdagpticﬁl 4t 8l a %xjrés%)m;félé&ﬁ@al tiaadl 978,

comruni cation system 900 m ght include optical ches rerout|ng
optical si ghidh lgﬂﬁntpmcassddbf/eraanﬁ-lmmdmoeampﬂlﬁ@w&)xpl icitly shown in Fig. 9)

anal ogous to reg ei ver ti e nge,th
radi o- f r equency ?IB? pt %??qu§%¢% 1#‘(’?5%43 a{@/ﬂlﬁ\@:&%@ﬁpf ‘id'fhiﬁ’pt hat
di fferent HREGIVWBD, optial RLSIUN Hil&960 r‘(D/E"@)Yﬁ&‘tHr@% %naltlraﬁyhﬁpeﬁ&?cemm@r 980
re-configured so that the pre- conpensat i on |nPose it matches

radi o-fr equegidylavealbandwﬁdth dmntiaeglpsoernesfﬁgbadetdﬁle metwwéémlwélmmﬁmfe$trth@l@ﬂ¢bﬁeal
\é\ﬁ\éfgg!{ g? i g{g:: glgla':reﬁii -%rgglgerﬁﬁ%g({lld%fg 355}_& 1vg mmﬁarncfolt %l?o%vr;[ 2 Fha\ée f}(ﬂ/antag&)ug\fydt h

us rtor the current routil ng

confi gur at waRegulide it 40P 64H vEaRkd toaItRatd ted@limental affldR of @itsdBardsedihi N a
wavel engt h- di VI sion- 10 nul ti pl exi ng conmuni cation systemto generate
a com"rum clintiterionsi dieapxample. wavagwéwr%utglﬂ can b@eqnéﬁgwﬁ@ﬁ depcribedabeve t he

(idle I ng
to oty WoRPER S SRR pomhonSR R Bctfineg Rl EL PR A0 B) LETRAOL
and/ or type2@indidrRIhmgliférd30iso that ﬂ‘l&&oﬁ@ﬁilfediF ’Ryeinsé bﬁthREpﬂimrmdﬁlatoe fahleéd

by waveguide circuit, 402 and exenplified b gs.. 6-8 can then be used to
(pre)dist oby thej wavggwide eirenit, Hisidatafd e and ’Ehﬁi(l: amplifier is substantially flat over a

relatively wide spectral interval or is characterized by a relatively small spectral attenuation
gradient, e.g., similar to that corresponding to response curve 606 shown in Fig. 6B.

25  Alternatively or in addition, waveguide circuit 402 can be configured as described above in
reference to Figs. 8A-B to pre-compensate the radio-frequency roll-off imposed by one or more
of optical MUX filter 940, add-drop module 950, optical de-MUX filter 960, O/E converter 970,
and trans-impedance amplifier 980. One skilled in the art will appreciate that this post-
compensation and/or pre-compensation is advantageously capable of reducing the number of

30  decoding errors at receiver 990.



15added signal so as to substantially match the existing-channel
distortion. As a result, all signals in the WDM nul ti pl ex can have sim| ar
signal characteristics independent of the add/drop function, which enabl es
t he conmuni cati on systemto process the wsole WOM nul tiplex in a uniform
and consi stent manner. Fig. 10 shows a schematic di agram of a wavegui de
circuit 1002 that can be used in an 20 optical nodul ator that is anal ogous
to optical nodul ator 100 according to one enbodi nent of the invention.
Vavegui de ci r cubhe skl ih $hegrn@ilbdppyeciitadhag@uanimcation egitdn Q0@ i ghtiirtclutie 2
(Fig. 4), and anal ogous el enents of  the two circuits are designhated wth

| abel s havPpfial sratchasdor reeyting aptienl gignal 938 o o different segetyer gt ?’fpglflﬂryc? PYHAN

di fferences. i ' 0fa hhes i j jef S
arc oxpl ai hise) Bibsph Ekather SAE BRELAMGR Chihy RREBabGRRAR GRnGy RO
of an opti idposePbitd bptica 2ignal 938 eh rowsartoeibati dilfferentrreasiver. ADXhiswitvapn| wevegiiide ui t
1002 enpl oys a thernp-optic coupler 1020. As a resuylt, either one of
wavegui JesCeritd2isan b reseonfiguisd s that th pre-GRNREESAHeS I’F‘BPsealé’Wéth?tﬁléeséli’er ragior

1002. In addit.l t - i 2N ki :
2002t o LR BRAR, U] G 8 o RRk B o
opti mal pebé dynmaricaly réeonfigirad tochrave dmdandwidiiachapeiedistiGObatracampst B Gihtagegus
enpl oys a therno-optic.coupl.er E1]040 instead of an optical combiner simlar
to 16 an g’éttli‘ec%‘i‘“regtorﬁﬁ IREGONKEHAliely i n waveguide circuit 402. Note that

sim lar therno- @Rk embOMRIRE, SvasathiRECiIER 402 BaVBRBY irfewavdlHgtH-didffon-
Each of MZI arnms 1030a-b is coupled via a respective therno-optic coupler

1034 t 10 a madjpexding/@VDPDicommunicatipm sxsten] OABnerdise qommpEeation sigbalpt-gnegp add
separate optical resonator to C [ army [ Ca I

chirp in tﬁ‘ naﬁu‘f"ﬁ‘iﬁfpo&gﬁﬁgﬁ’ O%ee%tgtg%pg% 0%/5“) v g"t‘jlB eg%ﬁnggg'i ?p &%gﬁ&g%ﬁg%?tg%l to
that in theigRil§ foitespordingl to@eie WDRCCHaynelate gstiallg charhgerided 49 2. pattitular level
representative configuration, control signals_1006a-b drjve phase shifters
1064a- b, r aediercypesefsjgnal distarfiogp Jds icoriral exarehe BF gespoasreengbld by wavsauideyrsuiby
operati on, | C LR an ' ' v

chirp. Adafts BTERRIIFY B8 EHRE, 66 a8 1o HRYE R FOLAORGNE fphdhthe
modul at ®r saddrd shy@alf souR do subs@ntiallymatclSthe Ratstng-cliynpeli distoition. Rublresnitt albsigeds .
2003/ 0175036  and 2004/0165893, both of i.ch are.incorporated herein by
reference ihthe \EPM ghitipiexicon Wé“ﬁﬂ%fsgi‘gé‘\ér C}}%Wé‘ﬁﬁl%sd?‘gqpe%‘{ﬁ“F tp‘éﬁ‘ifigér%n is
expl ai ned | i: ' Rk g}g@%gt j EfEk ey i al
No. 11/ 684,?"[6%5@@4’??%%1 bl oot Ak MR géfﬁggﬁ‘]blcegﬁg%?%{rm&ti cal

Modul at or , tiniférincindicensgisterd manpor. por at ed herein by reference in its entirety.
15Fi g. 11 shows_a schematic, di agram of waveguj de ci it 1102 that. can be
used in an opt i B8l F%?WS&S_S‘?@“E*}% 1qg§ar%ﬂ§? 3’6}5@1465“8'}5'{ ﬁ@% th%{f&ﬁﬁgfli)e 160

accor dbfg ber@NRBEAtoR HRPRINEBE0Rf o bPfcal MeBMEIPN00 YRBREMY 1d@n6 bMbbdineAddt2 1S
general |y anal ogous to wavegui de circuit 1002a§|:l g. 10), and anal ogous

el ement s ofhetiheention Wavegnidesciguis 1002 ispentreldy svaldgobsitoerayepeide pigcuitid2SBiged),

st two digl Loy, Honer: . ORfedh LRLARGR RSARER WAL 56 A Edhicsad 893
digits. In the description that follows, differences in the structure and operation of these two
waveguide circuits are explained in more detail.

25 Referring to both Figs. 4 and 10, instead of an optical splitter 420 used in 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

30  circuit 1002 also employs a thermo-optic coupler 1040 instead of an optical combiner similar to



20 of MZI internal arnms 1130a-b in the latter is coupled via two
therno-optic couplers 1134 to two respective optical resonators 1160. Using
an additional optical resonator for each of MZlI arns 1130a-b is beneficial,
for exanple, when el ectro-optic phase shifiters 1164 are inplenented i'n a
technol ogy (e.g., carrier depleted Si-wavegui de technol ogy) that enables
the refractive index to be tuned within a relatively narrow range. This
relatively narrow range i nposes a 25corresponding limt on the phase val ues
accessi bl eapbptiabrddbitdr @40 useddp tiaveguidesereait 402.eNotb 1hat sinfitan clatoapiio couplers
mul tiple resonators 1160 in each MZI arm 1130 effectively adds up the phase
ranges of fanchewised iy wasegeife srgpt402- phase shifters 1164, thereby

advant ageousl y } C i 1 hi 41Oy of
R g L e A b LA A T

cl ose to tkepetiing optivablesanate [1860.elne paposend eowdling lhaegpate eptrahasogitor to each

30resonator 1160, where its phase, shifting abil.it i.e. hase change per
uni t vo! t af¥! @B Ageyeduse thegipuat ?%P%@ﬁﬁ%m?é’éltpé‘ﬁﬂg%é%atﬁ%bgWP‘ée@@ §rr§‘llf ar ge
val ue. Thelé(ﬁtéoﬁfpfafea% Bt Hlstﬁgoﬁtﬂltr s‘?gfé?geéleljazedt ekl GirMH 40298, aPpl i ed to

each of phase s ters 1164. Furthernore, coupling nmultiple resonators 1160

to each Miepmsentdth@Corfigivhtas), nantel sigeals B0Gatly diive phiase shafters $064atb, r¢speciivalye

of the electro-opt.ic response curve c ared to.that.available with just
one resonat'd" ‘WBBHE? SSW;F@ 1 aégléﬁ-pgﬁrf%groﬁlope\;%qq,g irgs“:]tﬁ%?ﬁ?”&wqﬁ@%been
described Wiify ARhSHERGSy 1B thitp!SAdBtibNE daBIosH ﬁmﬂir?ﬁu opBlafioleSRIRLEHRAder S
not intended to be construed in a limting sense. For exanple, a nodul ator
of t hel@ nvendulatersean bedoundpé.gaint &d Patentahprlisetéy RubbigationNas 20034047 Gtandh a
wavegui de g} i 1 2 0f €l rcui 402 02)...an driver
(e.g., dri \E/(léq‘ﬁdlﬁ(ﬁsgéf Eg%l hOf%?Chaarr?nqcﬂﬁ%%a\t}\%vlgg%P Hépeg%%%qg tl‘g)eﬂr %%lge 'gygent ion
can be opt pgaldaymechapismcbfichirp Rsdaetion is eRslginedin duedil, &.g5 dmnednanenly baned U.S.
10asymretric bandwidth limtin ééﬁ%r i_nversion), add'p%cegt resgnances can be
pl aced asyR#satrArplicatipnerigl Nes 628 tilerborpMiar- ddy 2404 apd gntitledy Spmisiondictorof
splitter 420, L.REl1.: rs, e.g.,
p &R e RIBYPAniIHR SR InEnd:ARY AERH Do kBRO LA LARL g

simlar to Coup or on coupl er 020, 1120, 1040, and 1140
can bels epl acedFipyl It shoab hachematiq diageans pf 4 tvherpaide cirbwin B2, tha.cgn be ssediih ar  t o
splitter 420, apd ¢onbi ner, 440. Al t hough enbaodi ts of .the invention. have
been descr PH&@F‘F‘H&?@P&?’&? ispglogqys o BHEFFI ‘Qg;?‘ﬁf‘tiogﬁ?b aq0ugliniedA aaotﬁ?fa?g@gmw er
(e.g., pha ' [ rerdIRY ' \eAbit 1002
wavegui de (ézﬁfl &éz mvzeé&glf %?é‘)eeéllﬁ%ggt&lﬁg%ﬂ)ggﬁ%%}ego bllemg%ﬁgitg lﬁ\;raggguzdo t1 hlellltt g.(l)’l
optical co(fpg.€i0),(aad gnglogs iealentsadiphesmosB4yity are desigrated wiitht labalpbhying thel sand ve

signal. The optigal upl er may. .recei ve a dat a- nmdul at.e Y Lgnal in
et i on 't Bswol iBtse e RS FirhBte Hetn et WaGalog B lof w1 DAY B e
descriped g idEAlISma 130D irthe RhiLls 8Os AR ﬂleﬂhpffoﬁﬁc EQipETEI4QB two
whi ch are apparent to persons skilled in the art to which the invention

pertai ns arespattieerepticabresonatons 1 Hin Wsieg pridddiophleoptind rewopier fof cadheofiMidlesimis on
ot hor ni s, 1L e ki 10, St & ep siiso-oRiuPi B e o b b et B %hER inye
appr oxi nmat gchsolddy (£3€ ci@lef depMiedSi-wiVeguidp BicANo10BE) €hat endbl®aBsREathe iNddxie of
the value %eS %rneé \?v?tgi?l'a relatively narrow range. This relatively narrow range imposes a
25  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

30 resonator 1160, where its phase shifting ability (i.e., phase change per unit voltage change) is

resonantly enhanced and has an advantageously large value. The latter can be used to reduce



It wll be further understood that various changes in the details,
mat eri als, and arrangenents of the parts which have been described and
illustrated in order to explain the nature of this invention nmay be nade by
those skilled in the art without departing fromthe scope of the invéntion
as expressed in the followng clains. 30t should be understood that the
steps of the exenplary nethods set forth herein are not necessarily
required to be performed in the order described, and the order of the steps
of such lthemetingdsitsdraipplled® dicitef sagodhifteds D4 duethyrmex€ Ephpiing. miliiglew se,
addi tional steps may be i1ncluded in such nethods, and certain steps n%%?ge
e

onitted orresenprndip0 togacheMydaun & biksnablenmoyg Boxikility; in the onisplnf s shapee
present in |_on; e ' . I . y gggg ' "
means t hat éllg&];odar i tjg%’fgﬁg%%&g‘get Jt}?l{é)%égttzr) 3lca£[ g‘?@,a ﬁlor @HEE{ ?(r:l% éérgl{)%att?lj;be scg# lgg in
connect i oneacthtMiZldmm. enbodi ment can be included in at | east one enbodi nent

of the jnventionp,.The appearances of the phrase "in q nbodi " oin, .
vari ousg pl aces Y(}hﬂ? S0 551%3@%??68 esgribed, g‘i‘tli’ﬁ%fg@g%%ﬁoi ‘H‘;St%‘]"g?rég‘gﬂ‘?‘?#@q}f“é
the same eghedhtBant notRlenddio DERAEAUED B a BhitRER&skY BofsARNTE Modulator of the

necessarily nutually exclusive of other enbodinents. The sanme applies to
t he term "invpitimsan be implethented hy auigregtated dirsuid boving bethadervayegyidé areuiti(hg., one

dr awi ngs, i.ch. a to e, ,are illustrati I ar.e used |

or der o e S0, Az 584 Tfi%) fid fufive' o kit - Hre nBA R a VR, s
hei ght, | egigdulit,of hedhbentioR Ran BOSHtRENy ESupddrtd eHrbd/oriRork dptiddl kedbatérSeFor
description of the invention and is not intended to limt the invention to
a specl® i casymmattiabandwidtialigutinglor piyeysipndpdgeent igsongnsseeandeindased t he t er ns
“couple," ! | I: "G | " ' CO tps g ' 1 " "
EPeR! . RN pGRYRLE e ATCSIRRE! cpon BUIPSELRG: inld SARIRELRY
al I owed t ocdaebetreptncienneshbadonplers, .80 sifilafy @uplee 4BNt Bachandnd bfcouplers 1020,

i nterposition of one or nore additional elements is contenplated, although
not requi r B0, 1849, endn]l }4 can be replaced by tunable waveguide splitters/combiners, e.g., similar to

splitter 420 and combiner 440. Although embodiments of the invention have been described in

15 reference to a configuration, in which a phase shifter (e.g., phase shifter 464) receives a data-
modulated drive signal, waveguide circuits of the invention can also be configured so that an
optical coupler (e.g., optical coupler 434) receives a data-modulated drive signal. The optical
coupler may receive a data-modulated drive signal in addition to or instead of the phase shifter.
Various modifications of the described embodiments, as well as other embodiments of the

20  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

25  orrange.

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 explain the
nature of this invention may be made by those skilled in the art without departing from the
scope of the invention as expressed in the following claims.

30 It should be understood that the steps of the exemplary methods set forth herein are not

necessarily required to be performed in the order described, and the order of the steps of such



VWhat is clainmed is: 1. An optical nodul ator, conprising: 5an opti cal

Mach- Zehnder interferonmeter having first and second internal arns; a first
optical resonator; and a first optical coupler adapted to optically couple
the first optical resonator and the firstjg nternal arm wherein: °

the optical nodulator is adapted to nodul ate an optical carrier with data
applied to a 10data input of the nodulator; and the first optical resonator
and the first optical coupler are tunable to change a radi o- frequency
response Ofneltdgs SN B @idetsRoll R6 bélAlere Ly ORI pdry. ONikbRis6, HdaARIoh N tPR hrla§ Bk

modul ator to exhibit an inverted radio-frequency response in a spectral
range ar oummgludnd optuick alettfoda qud senjein stepshaaybr ¢roiled oneembined, irsmpthodyonsistent

i nvention of.t claiml b \ﬁhern?i K ih rteiec%linvl 085 induced in the first armby the
first opti &4 VAU FEbodiments or tha pIesehl VG- spect ral resonance; and the
first optical cRefelefée lhedeih tdeddke@mibodimat @ " aeiBElintrtt theprhs thati abarstunance.
20 3. The invention of claim1l, wherein the first optical resonatqr and the
first obti tauresipstaie. orpharapietipfiq dpseriped dn senpedioneithibg gmbpdimenoeagbsi bit a
radi o-freq e I : t i t.adl ent
smal | er t hgﬁﬂlgé%t[ﬁ&ﬁg%géﬁﬁ% @rﬁ) ﬁ%@gb?@gé@%ﬂ%ﬁfﬁ% na%g%ar%fcgﬁr#% b }\%ﬁsee?g?ﬁﬁetehe
first optieabodimentiad cariome piacessiasheaspecifiedtion aphas @eslssariiyeall edaptgew thosaef | ne
effective optical length of said 01%t i.cal resonator bast on l%/ ref:ej veg de

control voffaediment, norare separate or alternative embodiments necessarily mutually exclusive o
other embodiments. The same applies to the term "implementation."
10 Throughout the detailed description, the drawings, which are not to scale, are illustrative
only and are used in order to explain, rather than limit the invention. The use of terms such as

height, length, width, top, bottom, is strictly to facilitate the description of the invention and is

not intended to limit the invention to a specific orientation.

nn "nn

Also for purposes of this description, the terms "couple," "coupling," "coupled,"
15  "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.



5. The invention of claim4, wherein the phase shifter is further adapted
to receive an 30el ectrical radio-frequency signal to produce the data

nodul ation. 20 6. The invention of claim4, wherein: the first optical
resonator conprises a wavegui de | oop connggted to the first optical -

coupl er; and the phase shifter is part of said waveguide loop. 5 7. The

i nvention of claim4, wherein: optical loss induced in the first armby the
first optical resonator is characterized by one or nore spectral

resonances, each having a spectral posidngmsand t he tunabl e
phase shlfter is adapted to control |l abl'y change at |east one of said
spectral 108pwsistdlaimedisg. The invention of claim1, further conprising a
second optical resonator optically coupled to the second internal armvia a
second optical coupler, wherein the second optical resonator and the second

optical coupler Aargpticaiodalak@bpéomprisiighbl e to further 15change the
radi o-frequency response. 9. The inyention of claim1l, conp r|S|n a

pluralify of optd epiical Maghréelnder ingegerpregsen haxing firglsng sesang H“ﬁn'f‘ é’é‘ﬁéct ive one

of the first angfﬁﬁgﬂﬂglkggﬁﬁ&a%“prns via a respective tunable optica
coupl er, wherei east one of the first and second internal arns is

optical I'y 20couplfied opticahtoupbastiagiedtoaiptisalyctoopititlefirst ggivalatsmstor 461 th lfiest
invention of claim1, wherein the first optical resonator and the first
optical coupler have! HMWBFTEIB cause the nodul ator to exhibit said

wher el L he opt aa e R PP g one
or nor &0 bandwi dt h- data input of the modulator; and
the first optical resonator and the first optical coupler are tunable to change a radio-
frequency response of the modulator to the data modulation to cause
the optical modulator to exhibit an inverted radio-frequency response in a spectral range
around an optical frequency of the optical carrier.
15
2. The invention of claim 1, wherein:
optical loss induced in the first arm by the first optical resonator is characterized by a
spectral resonance; and

the first optical coupler is tunable to control a magnitude of said resonance.

20
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.

25 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

30 electrical radio-frequency signal to produce the data modulation.



| imting conponents external to the optical nodulator; and

characteristics of said inverted response at |east partially offset

radi o-frequency roll-off 30produced by said one or nore bandwidth-limting
conponents. 21 12. The invention of g aim 11, wherein: the optical
nmodul ator is |ocated upstreamfromsaid one or nore bandwidth-limting
conponents; and said inverted response at |east partially pre-conpensates
the radio-frequency roll-off to Smitigate its effects on signal reception

at an opti calg, r eR€inVEAtidnA1aird 40Rhéeat | y coupled to the nodul ator via said
one or nore bandwi dth-1imting conponents. 13. The invention of claim

1, wherein at | tedirstopticalresphaiof omprisesiwaeaspidd leapraonpestqshtp shesfirgt opisgect | ve
t unabl e phase shi ftegoua lapt %d to configure the nodulator for a selected
10nodul ation format. %Y The invention of claim1, further conpri si ng:

a second tunabl ghe@RhdeGaiftet Bkt said apiveghidoloepupl e 1ight fromone or nore
i nput waveguides into the first and second internal arnms; and 15a third

t unabl e opti cal coupl er ada ted to couple light fromthe first and second
internal arng.i ﬂih@irwpmiodjrofﬂgme 4owhergin: wavegui des, wherein the nodul ator is

i npl emented as ap. | rat ed .wayv, [ I CHI . o A .
nmodul ating i ghf’lt;hcé1 g#‘%%?‘i“@%t“’ﬁg:‘%g%%ag‘.% r?g t%enﬂlg{p?l?tggll re%t)glra trolr ésjr%%%&gﬂg%ipqyi e

Mach- Zehnder i nt er f esian®ie8pedhaVicsghahidsséach havifga opediraljositioa) amdr s, wher ei n:
the optical Mach-Zehnder interferometer is part of an optical %&%dul at or;

the optical nodthedenablernhashifics dnasiapted do sontigfably shangg ablsagt gre ahigidsRed i cal

coupl ef positions.

8. The invention of claim 1, further comprising a second optical resonator optically
coupled to the second internal arm via a second optical coupler, wherein the second
optical resonator and the second optical coupler are controllably tunable to further

15 change the radio-frequency response.

9. The invention of claim 1, comprising a plurality of optical resonators, each optically
coupled to a respective one of the first and second internal arms via a respective tunable
optical coupler, wherein at least one of the first and second internal arms is optically

20 coupled to at least two of said optical resonators.

10. The invention of claim 1, wherein the first optical resonator and the first optical coupler
have been tuned to cause the modulator to exhibit said inverted radio-frequency

response.

25
11. The invention of claim 1, wherein:

the optical modulator is part of a communication system having one or more bandwidth-
limiting components external to the optical modulator; and
characteristics of said inverted response at least partially offset radio-frequency roll-off

30 produced by said one or more bandwidth-limiting components.



adapted to optically couple the optical resonator and the first internal
arm 25the optical resonator conprises a tunable phase shifter; and optical
| oss induced in the first armby the optical resonator is characterized by
one or nore spectral resonances, each hawjng a spectral position; °

nodul ating the optical carrier with data applied to a data input of the
nodul at or, wherein the data nodul ati on causes said spectral positions to
vary in tinme; and 30tuning the optical resonator and the optical coupler to

change radi o-1fr EEBRENMIChSTRRIE @ 1 Ohhdréig: nodul ator to the data nodul ati on,
wherein said tuning causes: 22 a time-averaged spectral resonance to be

substanti al | y athegntieabmodalator islgoaedypsiram fiwnoiid enel orazore bandwidth-luritiopt i cal
frequency of the opt('g0 Ongﬁg,raincdar to be spectrally |located substantially
equi di stantly between TWo adj acent tinme-averaged spectral resonances. 5 16.

The invention ofai¢ingemedllasponkedt@éddt pas@dlly preHodmferBatdshs ridie-fiefwhc protic ¢ ed
spectral resonance to, be substantially at the optical frequency of the
optical”carrier. 101mitigaedtsichipetsop signdireeaptipmatian opfipa reseprer that ig opticallig

causes the optical freguaRe }he%o&uﬁor%ﬁ ga@@hné;(ﬂ'_rx%&t@&gﬁ%}iﬁ-lﬂﬁitiﬁ? ?grrl%f)@rleh%

| ocat ed substantially equidistant bet ween sai acent - aver aged
spectral resonances. 1518. A nethod of nodulating light, conprising:

appl yi ng an dpt Tisinveniohiof claim 1awhepiniac klastae bf the irdand sdtbad hisavaipeikes a
having first and second internal, arns, wherein: the optical Mch-Zehnder

i nterferoneter ie&Ps5HYS tugpble phaspshidigr adapigd fueqmigussihe modulator for a selected

10 modulation format.

14. The invention of claim 1, further comprising:
a second tunable optical coupler adapted to couple light from one or more input
waveguides into the first and second internal arms; and
15 a third tunable optical coupler adapted to couple light from the first and second internal
arms into one or more output waveguides, wherein the modulator is implemented

as an integrated waveguide circuit.

15. A method of modulating light, comprising:
20 applying an optical carrier to an optical Mach-Zehnder interferometer having first and
second internal arms, wherein:
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;
25 the optical resonator comprises a tunable phase shifter; and
optical loss induced in the first arm by the optical resonator is characterized by one or
more spectral resonances, each having a spectral position;
modulating the optical carrier with data applied to a data input of the modulator, wherein
the data modulation causes said spectral positions to vary in time; and
30 tuning the optical resonator and the optical coupler to change radio-freQuency response

of the modulator to the data modulation, wherein said tuning causes:



the optical nodul ator further conprises an optical resonator and an opti cal
coupl er 20adapted to optically couple the optical resonator and the first
internal arm nodul ating the optical carrier with data applied to a data

i nput of the nodul ator; and tuning the opfy cal resonator and the opticcal
coupler to cause the optical nodulator to exhibit an inverted

radi o-frequency response in a spectral range around an optical frequency of
the optical carrier. 25 19. The invention of claim 18, wherein: the optical

nodul ator is pagtimefaveragQrepetiat adsoMincs ySbediibsianially apatoptcalé@emvddiedt -
limting conponents external to the optical nodulator; and the nethod

fugthe; conpri ses se?rbiEtl eI r act eri stics of said inverted
Lhe 3 " . a
radio-frequency,3Q tﬁﬁlﬁ?&ég%ﬁgofglﬁe 3,;’2@%‘ cgﬂ?e'} td ?ﬁ #iéft?z{lrl‘fyt%?c%éédas%ﬁar{t{aﬂ uency

roll-off produced by sai andw conponents. 23
20. The invention ofeqidistantlyhetwdenneb adjatdne tinjetaverdagedapdetta tonansed. ocat ed
upstream from said one or nore bandwi dth-limting conponents; and said

i nverted radi o-frequency response at |east partially pre-conpensates the

radi o- 5freq%%ﬂ?%:ﬁ@&hmﬂﬁkcﬁﬁnﬁkt&ﬁ@%ﬁ:its effects on signal reception at
an optical receiver that is optically coupled to the nodul ator via said one
or nore bandw dsaid tunimgtcausgs dertponeveraged spectral resonance to be substantially at the optical

frequency of the optical carrier.

10 17. The invention of claim 15, wherein:
said tuning causes the optical frequency of the optical carrier is to be spectrally located
substantially equidistantly between said two adjacent time-averaged spectral

resonances.

15 18. A method of modulating light, comprising:
applying an optical carrier to an optical Mach-Zehnder interferometer having first and
second internal arms, wherein:
the optical Mach-Zehnder interferometer is part of an optical modulator; and -
the optical modulator further comprises an optical resonator and an optical coupler
20 adapted to optically couple the optical resonator and the first internal arm;
modulating the optical carrier with data applied to a data input of the modulator; and
tuning the optical resonator and the optical coupler to cause the optical modulator to
exhibit an inverted radio-frequency response in a spectral range around an optical

frequency of the optical carrier.

z 19. The invention of claim 18, wherein:
the optical modulator is part of a communication system having one or more bandwidth-
limiting components external to the optical modulator; and
the method further comprises selecting characteristics of said inverted radio-frequency
30 response to at least partially offset radio-frequency roll-off produced by said one

or more bandwidth-limiting components.



23

20. The invention of claim 19, wherein:
the optical modulator is located upstream from said one or more bandwidth-limiting
components; and
said inverted radio-frequency response at least partially pre-compensates the radio-
frequency roll-off to mitigate its effects on signal reception at an optical receiver
that is optically coupled to the modulator via said one or more bandwidth-

limiting components.



