- TITLE: AMPLI TUDE AND PHASE MODULATI ON OF A LASER BY MODULATI ON OF AN
OWrPUT.,COUPLER FI ELD [ 0001] Enbodi ments of the present invention relate
gener al | ywoaolizgsrss, 5and nore particularly to a controlpcakiAoouwnmet
coupler for a |aser that enables direct anplitude and phase nodul ati on of
emtted optical signals. | NTRODUCTI ON [ 0002] Opti cal conmunication systens

use light to transmt information 10 and out perform other types of

comuni cati on systens, such as electrical wire |ine conmunication systens,
in certain respects. For exanple, optical conmunication systens tend to

have | arger bang\y it haM@PLITUDREANDRIJASE MODDLATIEN OhALASEREBY e f or
| onger distance, high bit rate transmssion |inks, The transmtter used in

the optical systemwl| MQ%M;%%:NNQIL&PUE@QV@hERem tting diode or a

| aser di ode whose output is coupled into a downstream fiber optic cable. To
transmt information optically, the light wave is nodulated (i.e. varied)
to encode tEkPansmi ssion data signal. Different techniques for nodul ating
| aser out put have been devel oped, Whl ch include both direct and external
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SUMMARY 25[0003] I n accordance with an _aspect .of e i ments of the present
i nvention, GOHEF amQ%F’S\ﬁW%?WHHP%E'@H ‘f&%&?d ?Eﬁc‘%%@a@ ‘ncl udes an
optical resonator for light to circulate within. A gain nediumis housed
within the optical resonator in the path of the circulating light, and a

punp delivers excitation energy to the gain nedium above a | aser threshold
of the opti tNTRONYMGDIAN113150PCT/ CA2011/ 000291 2

[0002] Optical communication systems use light to transmit information
10  and outperform other types of communication systems, such as electrical wire
line communication systems, in certain respects. For example, optical
communication systems tend to have larger bandwidths and lower losses,
which makes them suitable for longer distance, high bit rate transmission
links. The transmitter used in the optical system will commonly be a form of
15 light emitting diode or a laser diode whose output is coupled into a
downstream fiber optic cable. To transmit information optically, the light wave
is modulated (i.e. varied) to encode the transmission data signal. Different
techniques for modulating laser output have been developed, which include
both direct and external modulation schemes. The physical properties of the
20 optical transmitter will generally impose limits on the available modulation
schemes. Much remains in the way of optimizing laser design for optical data

modulation.

SUMMARY
25 [0003] In accordance with an aspect of embodiments of the present

invention, there is provided a modulated laser. The laser includes an optical
resonator for light to circulate within. A gain medium is housed within the
optical resonator in the path of the circulating light, and a pump delivers

excitation energy to the gain medium above a laser threshold of the optical



resonator to bring the circulating light into coherent oscillation. The
opticak resonator further includes an output coupler in the path of the

ci rcul at iwgQ 2biighs150The out put coupler is responsive to actamzoaloogiognal to
selectively allow a fraction of the circulating light to exit the optical
resonator as a nodul ated Soptical signal, [0004] The output coupler can have
an input port through which the circulating light is received into the

out put coupler and an out put-coupl ed port through which the nodul ated
optical signal is emtted. A through port of the output coupler is also

i ncl uded i nrédematort f0bring Uhketirdutatingg highthintd doheremtacbscillbﬂbnemrtet epttidal ght
within the optical resonator, The through port can ntaléh{o t he
[

out put - coupresPnaet furthgomsiudes aueRiput @Bﬁﬁlﬁél‘n thenP3 rquB? Cffﬁehaﬂa%
| nter ferencgy, %e%%tpﬁp cbgatehqgtr‘e%%ﬁé’véqg\pé ContdE f srdlc_ﬂ'%‘é‘ttopﬁléctWeq a‘ﬁéﬁ/ha of the

out put - coupl'e rou ort n operati haracteristic of the

i nt erferenc@astion Ioﬁrtheaaflrdummyalgmmor exit dhé epbigal msoanathras as mpdalated
provi de selective optical interference in the interference section,

gener a|t|5lg Pﬁlﬁcﬂﬁdﬂq'ﬂt ed optical signal at the output-coupled port and an
optical signal conplenentary to the nodul ated optical signal at the through
port. The ofRQQ4li ng cﬂ@lea@'t‘f@ﬂt §PHplepfcanmbaye @y pubmost tueugh whigh the oneg

f
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resonat or. Q6h Masich uhe uhodwatddeoptican sigrdl uslensitted eAsthraugh panmfzeander

Interferorreter MZI') . The out put coupler can further includ di t |
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[ 0007] I n"response e contro gnal e out put coupler can
complementary to the output-coupled port.

[0005] The output-coupler can further include an interference section
that optically couples the input port with each of the output-coupled port and
through port. An operating characteristic of the interference section can be
15  controllable by the control signal to provide selective optical interference in the
interference section, generating the modulated optical signal at the output-
coupled port and an optical signal complementary to the modulated optical
signal at the through port. The operating characteristic of the interference
section can be one of a refractive index and/or a gain/attenuation change.
20 The interference section of the output coupler can be formed integrally with

the optical resonator.

[0006] The output coupler can include at least one Mach-Zehnder
Interferometer (MZI). The output coupler can further include a directional
coupler, a cross-switch coupler, a multi-mode interference coupler, a

25 waveguide junction and splitter, a Bragg reflector, or a resonator.

[0007] In response to the control signal, the output coupler can
modulate at least one of amplitude and phase in the modulated optical signal.
In particular, the output coupler can apply any of an amplitude modulation, a
Phase-Shift Keying (PSK), and a Quadrature Amplitude Modulation (QAM)

30 scheme to the modulated output signal.



nodul ate at |east one of anplitude and phase in the nodul ated opti cal
signal .. I n particular, the output coupler can apply any of an anplitude
nodul at i owp 2a11Ahase- Shi ft Keying (PSK), and a Quadr at ur @eCAnqa2tivde291

Modul ati on (QAM 30 schene to the nodul ated out put signal. WO

2011/ 113150PCT/ CA2011/ 000291 3 [0008] The, out put coupl er and the punp are
jointly controllable to decouple the mig?lﬂ ation response of the laser from
the intrinsic response of the light circulating within the opti cal
resonator due to interaction with the gain nmedium In this way, the |aser

can ther eby Wt ant i ghky outpuerddupldre anddiileapuotp &resjpbﬂlsecmﬂtrmltableaut)put
coupl er. 09] The out put cqupl er and the fa | controllahle to
mai nt SI n a Géﬁﬁ@p'?ébélm%u'?ﬂ‘én E@RANSE: Fingel 'P%T?P& n'niiﬂ‘ys Er3PON&eLnge
around at a t eCM | er
can be cont F%'@ﬁlﬁg}i ah@wwuﬁgﬁég %ﬁ%s?@éﬁ?édgé?@ﬁ%@&ggg@gpg rel gxat I on
resonance f nesiemcyn tis Wag, thesiaser eaml thevepy substantiatpy inhedtthehmndeation a
coefficient of outpuyt- couPIing. 0011] The punp can be configured to deliver
exci tati®n éwet theQuitput GRLR edi um to mai ntain a power |evel of the

circulating light within an operable range around a sel ected, dy-state
power | evel [0 Q(galsome Thee Rt neaurier apd Hiec PUEIR Gie dREI yc‘é%tﬁ("@? %

excitation HShEh a power level of the circulating light within an operable range around

at a selected, steady-state power level.

[0010] The output coupler can be controllable at a modulation rate
10 selected to exceed a relaxation resonance frequency of the laser, and to

provide amplitude changes in a coefficient of output-coupling.

[0011] The pump can be configured to deliver excitation energy to the
gain medium to maintain a power level of the circulating light within an
operable range around a selected, steady-state power level. In some

15 embodiments, the excitation energy can be dc excitation energy.

[0012] The modulated output signal can be free of chirp or have

controllable chirp.

[0013] The optical resonator can include a ring structure having
opposite ends optically coupled with the input and through ports of the output
20 coupler, thereby defining a ring resonator for the circulating light. Alternatively,
the optical resonator can further comprise a reflector optically coupled to each
of the input port and through port of the output coupler, thereby creating a
standing wave pattern for the circulating light in the optical resonator. The
reflectors can be distributed feedback (DFB) gratings or distributed Bragg
25 reflector (DBR) geometries. One or more of the reflectors can also house the

gain medium.

[0014] The modulated laser can further include at least one wavelength
tuning section included in the optical resonator in the path of the circulating
light or alternatively in the reflectors. The wavelength tuning section can

30 selectively adjust a refractive index or optical feedback of the optical resonator



[ 0012] The nodul ated out put signal can be free of chirp or have controll able
chirp. J0013] The optical resonator can include a ring structure having
opposi t e wodsiiopsiseal | y coupled with the input and throrgh/qaantizoadit he

out put 20 coupler, thereby defining a ring resonator for the circul ating
light. Alternatively, the optical resonatfor can further conprise a
reflector optically coupled to each of the input port and through port of
the output coupler, thereby creating a standing wave pattern for the
circulating light in the optical resonator. The reflectors can be

di stribut edtd eesiecke(VAnBlengtatofitbe modulateid otiva Sighabgone or efidrecdfahe ( DBR)
geonetries. One or nore of the reflectors can al so house the gain nmedium
[0014] The n¥Rflacierscandevidedhemavealirnoth teningsestion.east one wavel engt h
tuning section included in the optical resonator in the path of the

circul ating[00Ht or diheeputiutveduplen cane beefareedomonotifricalby sidiytthet uni ng

section can 30sel ectively adjust f ti | | ck of
SO, A RSBl SRR BB, Ghe BB BoebBFARK,
wavel engsh ok tfegrRed! péedoguidotaly wigial theOoptioal mesenanbr.t Maer eptiealt or s
can provide the wavel ength tuning section. [QQ15] The out put coupler can be
f ormed nonorresanaen ¢3n be erhigh{iResse gpicrempr MilBRERIGCAhresosarconduct or
die. Alternatively, the output coupler can Sbe integrated heterogeneously
within the §@pd16jal redonaccardandee with i angther aspacbrofcambediraenisghf fthaesse,
m cron or m'IIim?ter salehesonator.. :
present invention,” there is providled a method of modulating a laser
comprising an optical resonator for light to circulate within, and a gain medium
10 housed within the optical resonator in the path of the circulating light. The
method includes delivering excitation energy to the gain medium above a
laser threshold of the optical resonator to bring the circulating light into
coherent oscillation, providing an output coupler in the optical resonator in the
path of the circulating light, and determining a control signal for the output
15  coupler. The output coupler, which is responsive to the control signal, is
caused to selectively allow a portion of the circulating light to exit the optical
resonator. The method further includes controlling the output coupler using

the control signal to generate a modulated optical signal.

[0017] Controlling the output coupler can involve receiving the light
20 circulating in the optical resonator into an input port of the output coupler,
generating the modulated optical signal at an output-coupled port of the
output coupler in response to the control signal, and directing unemitted light
to a through port of the output coupler to be retained within the optical

resonator.

25 [0018] An interference section can optically couple the input port with
each of the output-coupled port and the through port. An operating
characteristic of the interference section can be controlled using the control
signal to provide selective optical interference in the interference section.
Controlling the operating characteristic of the interference section can

30 generate the modulated optical signal at the output-coupled port and an

optical signal complementary to the modulated optical signal at the through



[ 0016] I n accordance with anot her aspect of enbodinents of the present

i nwenti.on, there is provided a nethod of nodulating a |aser conprising an
opti cal rweanatwsishor |ight to circulate within, and a garrcAredioom9t 10
housed within the optical resonator in the path of the circulating light.
The nethod includes delivering excitation energy to the gain nedi um above a
| aser threshold of the optical resonator’to bring the circulating |ight
into coherent oscillation, providing an output coupler in the optical
resonator in the path of the circulating light, and determning a control

signal for the %Heoaf:era%ﬁgwh@t@risﬂquuépnferf@eérrdeegectm ghnite baspsinsi ve
to the control signal, is caused to selectively allow a portion of the

ci rcul ati ng refrattivetindexandiangabpettenyatioasetangér . The net hod furt her
i ncludes controlling the output coupler using the control signal to
generate a f@oMBlat ed @uritcdlingsthgnalitpuf 00a7ECoan roonprisg modu@tingat leastpl er
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control signal, and directing unemtted Ilight to a through port of the
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4. WD 2011/ 113150PCT{ CA2011/ 000291 -5 _ Th i ot
of the int er”Ft@F%ét?é‘ é’@&\cﬁﬁﬁ a3l HBeéHg"anO;%‘fsr &%'8@% fl%lég a‘f%gyagﬁgFe%R’l stie
gai n/ atte”“%tdblgférﬁiaﬁ)mgﬁreriﬁ%%@%ibﬂ'rbéﬁ&wéé“@ftﬂétduﬂéut%mlér can conprise

nodul ating at | east
[0021] The method can further include jointly controlling the output

coupler and the pump to maintain a power level of the circulating light within

15  an operable range around at a selected, steady-state power level.

[0022] Controlling the output coupler can comprise selecting a
modulation rate that exceeds a relaxation resonance frequency of the laser,
and controlling the output coupler at the selected modulation rate. Controlling
the output coupler can further comprise controlling amplitude changes in a

20 coefficient of output-coupling.

[0023] The excitation energy delivered to the gain medium can be dc

excitation energy.

[0024] The modulated output signal can be free of chirp or have

controllable chirp.

25 [0025] The method can further include controlling a wavelength of the
modulated optical signal by selectively adjusting a refractive index or optical
feedback of the optical resonator using at least one wavelength tuning section

included in the optical resonator in the path of the circulating light.



one of anplitude and phase in the nodul ated optical signal in response to
the 5.control signal. In particular, the output coupler can be controlled
to appl y woyoofiiarsoanpl i t ude nodul ati on, a Phase-Shift KReyiaago(iR8K91 and a
Quadrature Anplitude Mdul ati on (QAM schene to the nodul ated out put
signal. [0020] The method can further include jointly controlling the out put
coupler and the punp to decouple the nodul ati on response of the |aser from
10 the intrinsic response of the light circulating within the opti cal
resonator due to interaction with the gain nmedium In this way, the |aser
can thereby[Gog®jt ant i hegei ahedr bther hfcatnds! af i the eespmiments dshavibubput
coupler. [0021] The nethod can further include jointly controlling the
out put appafant re aat toRd Mehdessibedingraitn a power 1 evel of the
circulating light within 15 an operable range around at a sel ect ed,
steady-state power |evel. [0022] Controlling the output coupler can conprise
selecting a nodulation rate that exceeds a rel axation resonance frequency
of the | aseBRIERMDESORIBTIONEFE AHBDDRAUWINGSpl er at t he sel ected nodul ation
rate. Contr |19 the ouiput coupler.can further conprise controll.in
anpl i tud® c sin & %%'Mi‘%%gﬁfm%? %ut"ﬁﬂ'?y%oﬁﬂ%ﬂ&?eTtﬁofB]pf%'deg
excitation ﬁg?efiﬁlbeﬂﬁ/l/ WiRr eferbAce Ny Way bf BREMBIE, @@mé)mudwnﬁarat\mt]g@n ener gy.
u

[ 0024] The no ated output signal can be free of chirp or have controllable

chirp. 25[0 he nethed (¢ i [dMSdraF ilGSILIIR khd Gompimepteaphh of

t he nodul at g@ﬁosgti cal ﬂgggaﬁﬁéeééﬁgg%id\%rg agj ustf”?\)dg a refractive i ndex or
optical feeddseek of the optical resonator using at |east one wavel ength
tuning section included in the optical resonator in the path of the

circul ati ng[hozd)t - FIG. 2 is a schematic diagram illustrating direct pump-

10  modulation of a laser.

[0030] FIG. 3 is a graph illustrating an exemplary small signal
modulation response of the pump-modulated laser shown in FIG. 2.
[0031] FIG. 4 is a schematic diagram illustrating external modulation of
a laser.

15 [0032] FIG. 5 is a schematic diagram illustrating a ring laser with a

modulated output coupler, according to embodiments of the present invention.

[0033] FIG. 6 is a schematic diagram illustrating the modulated output

coupler shown in FIG. 5.

[0034] FIG. 7 is a schematic diagram illustrating an embodiment of the
20 modulated output coupler shown in FIG. 6 that is suitable for implementing
amplitude and Phase-Shift Keying (PSK) modulation schemes.

[0035] FIG. 8 is a schematic diagram illustrating an embodiment of the
modulated output coupler shown in FIG. 6 that is suitable for implementing a

Quadrature Amplitude Modulation (QAM) scheme.

25 [0036] FIG. 9 is a schematic diagram illustrating an alternative
embodiment of the laser shown in FIG. 5 that includes a wavelength tuning

section.



WO 2011/ 113150PCT/ CA2011/ 000291 6 _ [0026] These and ot her features of the
enbodi nents as will be apparent are set forth and descri bed herein. BRI EF
DESCRI PTIvoN 20H /11580 DRAW NGS 5[ 0027] A det ai | ed descri pt i eoTafA20Er00629%

enbodi ments is provided herein below with reference, by way of exanple, to
the follow ng drawings. [0028]FIG 1 is _/a schematic diagramillustrating
the conponents of a laser. [00291FIG Z 15 a schematic diagramillustrating
di rect punp- 10nodul ation of a laser. [0030]FIG 3 is a graph illustrating
an exenplary snall signal nodul ation response of the punp-nodul ated |aser

shown in FI @03%7] [ 003Fi6! B igtaisshematbeiajram ilustgatany a stanslingivang lasdrer nal
nodul ation of a laser. 15[0032]FIG 5 is a schematic diagram.l| ustratl ng a

ring |aser Withhazmadalates @atmﬁtwl%@ﬁp%rﬂmga&&nm%m@a SR PESRRNof t he
present inventjoen.

[0038] FIG. 11 is a schematic diagram illustrating an alternative
5 embodiment of the laser shown in FIG. 10 in which the gain medium is

housed in a reflector.

[0039] FIG. 12 is a schematic diagram illustrating an alternative

embodiment of the laser shown in FIG. 10 that includes a directional coupler.

[0040] FIG. 13 is a schematic diagram illustrating an alternative

10 embodiment of the laser shown in FIG. 10 that includes a directional coupler.

[0041] FIG. 14 is a schematic diagram illustrating an alternative
embodiment of the laser shown in FIG. 10 that includes a directional coupler

and in which the gain medium is housed in a reflector.

[0042] It will be understood that reference to the drawings is made for
15 illustration purposes only, and is not intended to limit the scope of the
embodiments described herein below in any way. For convenience, reference
numerals may also be repeated (with or without an offset) in the figures to

indicate analogous components or features.

20 DETAILED DESCRIPTION OF EMBODIMENTS

[0043] It will be appreciated that for clarity, the following discussion will
include specific details relating to various aspects of embodiments of the
invention, but may also omit other details wherever convenient or appropriate
to do so. For example, discussion of like or analogous features in alternative
25 embodiments may be somewhat abbreviated. Well-known ideas or concepts
may also for brevity not be discussed in any great detail. The skilled person
will recognize that implementing embodiments of the invention may not
require certain of the specifically described details in every case, which are

included herein only to provide a thorough understanding of the



[0033]FIG 6 is a schematic diagramillustrating the nodul at ed out put

coupl er., showmn in FIG 5. [0034]FIG 7 is a schematic diagramillustrating
an enbodiwenviiofistshe 20nodul ated out put coupl er shown i RCEICA208/mbmt i s
suitable for inplenmenting anplitude and Phase-Shift Keying (PSK) nodul ation
schenmes. [0035]FIG 8 is a schematic diggramillustrating an enbodi nent of
t he nodul at ed out put coupler shown in Fla% 6 that is suitable for

i npl ementing a Quadrature Anplitude Mdul ation (QAM schene. 25[0036]FIG 9
is a schematic diagramillustrating an alternative enbodinent of the |aser
shown i n Fl emtfpdirahts. nFimélady aitwawill degiome uappgrentctthatn. theWdlescribed

2011/ 113150PCT/ CA2011/ 000291 -7 [0_037{0:? G, 10 is a schemgtic dia ram

i | | ustrati ngmposimpatsn@ardiaesyseaptiblg Sllﬂh‘f@gtﬁfaﬁio@doromr 'tonc%‘iﬁﬂr&PQ 0
according t [ 0 e ' %53'1' : 0 F 1nf
schematic d?gg{r}ﬁ?ﬁqi Q?ﬁésrt%} a%ri‘(;n\@sgﬁé aﬁ}tagﬁ)Hiaﬁ/ e ﬁ)@ng%@l ﬁﬁ%t %o p%hgf ﬁgger
shown in Fl @iscldsure. ThecfollbWwingydetailed ddesuription cafsemibodinsentef i ematoto. be
[0039]FIG 12 is a schematic diagramillustrating. an _alternative enbodi nent

of the |aseregdofA asdintfing ﬂl%sF‘PngO thel RIgaeNtHNYeTUAN AN MaR0GY er .
[0044] Referring initially to FIG. 1, shown therein is a schematic
representation of a laser according to an exemplary embodiment. The laser
20 includes an optical resonator 22 that defines a circulation path for light
confined within the optical resonator 22. It should be understood that

10  confinement of light could be provided in the optical resonator 22 according to
different mechanisms, for example by a boundary between a higher refractive
index material and a lower refractive index material. A gain medium 25
housed inside the optical resonator 22 is pumped with a suitable excitation
source, such as pump 26. The gain medium 25 can be made from any

15  suitable optically amplifying material and, without limitation, can be made from
a solid, a liquid, a gas, or plasma. In the particular case of a diode laser, the
gain medium 25 can comprise suitable semiconductor materials. The pump
26 can be configured to deliver different forms of energy to the gain medium
25. For example, the pump 26 can be configured to deliver electrical energy

20 (e.g. an applied voltage), optical energy (including either laser light or
incoherent light), or any other suitable energy form as the skilled person
would appreciate. The term "optical resonator" as used herein should be

understood to include optical cavities.

[0045] Light of a characteristic wavelength passing through the gain
25 medium 25 is coherently amplified through stimulated emission. As will be
appreciated, when the gain medium 25 is pumped to and above a laser
threshold of the optical resonator 22, light circulating in the optical resonator
22 reaches laser oscillation and the laser 20 outputs a coherent light wave.
The balance between the gain saturation of the gain medium 25 and the
30 excitation energy delivered by the pump 26 produces a steady-state power

inside the optical resonator 22; this steady-state power determines the



[0040]FIG 13 is a schematic diagramillustrating an alternative

10enbodi mrent of the |aser shown in FIG 10 that includes a directional
coupl er. WOQ4}HBGH 14 is a schematic diagramillustratipog/@oalmemnative
enbodi nent of the laser shown in FIG 10 that includes a directional
coupler and in which the gain mediumis housed in a reflector. [0042]It

wi Il be understood that reference to t hé dr awi ngs is made for 15
illustration purposes only, and is not intended to limt the scope of the
enbodi ments descri bed herein below in any way. For conveni ence, reference

nuner al s ”abf)é}aii‘hgb@oihﬁﬁﬁﬂ'ﬁeﬁbs(ewzoha@d igvstleetdblamyotdrstediling the betditgir es to
I ndi cat e anal ogous conponents or features. 20 DETAI LED DESCRI PTI ON OF
EMBODI MENTSt@puUBPI26.wi | | be appreciated that for clarity, the follow ng

di scussion wll include specific details relating to various aspects of
enbodi ment s [@F46]he i nTért lasar 20walsedpcluties aondutpot Iseuplest2d thatvilemsyar

anal ogous. 1 Bariber e Gt arauERod uiE pe P e ssRg el 22 Enedl, Jubind’
abbrevi at ed irdep . | )
di scussg%l [ ﬁh%\ﬁy{%#e%g\twldegt ai F Q?ﬁgggﬁf{ﬁ?'zr&@iﬁtson s&'ﬁrdﬁdg\oég']éhrrggp{sﬁg?

i npl enent i ngsearpadiatiyriransyrarememimare Mosirofithg light stiédng the sarfage Pfdhet he
Shect ol e Y [ BRAEhaU hub B NEfy Bperpl 2 4 Bl eiabra
2011/ 113150k [iGH2ReinapE0205% of the internal steady-state power) transmits through
the mirror and becomes the laser output signal 30. In such a configuration, the
10  output coupler 28 would not be directly controlled. To modulate the output
signal 30 would require active control over some other system component.
For example, as the skilled person will appreciate, direct pump-modulation
and external modulation schemes may be employed. The laser 20 could also
be operated in a mode-locked or Q-switched configuration to provide variable
15  laser output. Alternatively, in accordance with aspects of embodiments of the
present invention, and as will be described in greater detail below, a
modulated output coupler (seen in FIG. 5) included in the optical resonator 22
can be used to achieve pseudo-direct modulation of the laser output signal
30. Such arrangement can confer significant advantages over these other
20 modulation schemes in terms of available operating bandwidth, signal

distortion (e.g., chirp), power efficiency, and size.

[0047] FIG. 2 schematically illustrates a pump-modulated laser. The
laser 120 is similar to the laser 20 shown in FIG. 1, but controller 132
generating a control signal 134 for the pump 126 is also included. The
25  controller 132 can be integrated within the laser 120 or provided as a separate
circuit as the case may be. The control signal 134 determines the rate and
magnitude of the pump excitation signal 136 delivered to the gain medium
125. Again the gain medium 125 is housed inside an optical resonator 122,
and the laser output signal 130 is allowed by the output coupler 128 to exit the
30 optical resonator 122. The response of the gain medium 125 to the varying

excitation signal 136 causes a controllable variation in the amount of power



8 - enbodinents. Simlarly it will becone apparent that the described
enbodi nents may be susceptible to slight alteration or variation according
t o commorw@enariaBisknow edge wi t hout departing fromthe ®copa20fi/nbmi

di scl osure. The follow ng detail ed description of enbodinents is not to be
S5regarded as limting the scope of the esent invention in any nmanner.
[0044] Referring initially to FIG 1, shown therein is a schematic
representation of a | aser according to an exenplary enbodi ment. The | aser
20 includes an optical resonator 22 that defines a circulation path for

li ght confi gpeulatibgiin tHee optitalc aésorasamdfdy vich lis #leoupdssivelyndeugiedod

that 10 confinenent of |ight could be provided in the tical r ator 22
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hi gher refraggti [ [ I raetd | ighl. A
gai'n medt umt 3 oo o B e R e

sui t abl e exthé ghinanedivnn ¢25 deiedb ths dpeatpdtp niddulagtidm medi um 25 can be made
fromany 15 suitable optically anplifying nmaterial and, wthout

limtatign, [oeys)be madmef issfulrangeiod oparationuofthe pugas-madulateddaser 120,t he
particul ar case of a diode |aser, the gain nmedium 25 can conprise syitable
sem conduct HOWeXEBr isali@ited Hy, RN ePthah thiBge o g QUV%‘Ba{]Berg)r{‘%Pf&HFf erent

forms of enebial %st"%té@;% gﬁqigﬁh%ﬁedﬁﬁio arm‘;?arti&mﬁr,f)d’\@plagéﬁ 920 {ge

configured el iver ical ¥energy e.g. an applied voltage),
optical enercpgrddteddedi ny eiitsherelaaston | irgsonamce ndodmpreswcy, | iwghich, tar any

ot her suitable _energcg(yfqrm as the ?ki |l ed person would appreciate. The term
"optical reSEAHEYIIUCERS S ARPIRIBRAIEShoul d be understood to include optical
cavities. [0045]Light of a_characteristic wavel ength passing through the
gain 2? medi um 25 is cohefAftly anplified tw)ough stinmul ated em ssion. As
w il be gppreci ated, hen ‘he 'gai n medi um 25%1’s punped to and above a | aser
threshol d of the optical rlesbnator 22, light circulating in the optical

resonator 22 reaches | aser oscillation and the | aser 20.outputs coher ent
li ght wave. vwhﬁée&hr%nféée%@tthééﬁﬁ%fﬁatla'a%"scé’f‘ﬁFaéktiOﬁh%ﬂat%@e&&f'ﬂ 1?r’édi am 25

and the 30 excitatio r [rxer - d

St eady- st at SSBISRPS RerdE saie IIAWELERSRY it B BodCRESBHARE B2, 208 1 ouer
det er mi nes therepyé3eHid phdichl FRRGE WAk ithe ARl redonatgret22. iThe @bdxationf t he
| aser 20 and’is sel ectable by controlling the output of the punp 26.

[ 0046] The | asssnatedfrequentyl widpsovatescaimaasumaphew fag tha gairamesiun 425
15  can respond to variations of the internal circulating power and vice-versa. In

practical terms, the relaxation resonance frequency wr sets an effective upper

limit on the modulation rate of the pump 126 before the response of the

modulated output signal 130 will be too distorted and/or too small to encode a

transmission data signal.

20 [0049] FIG. 3 shows a graph of an exemplary small signal modulation
response of the pump-modulated laser 120 shown in FIG. 2. The graph 140
plots modulation frequency (in GHZ) on the x-axis against modulation
response (in dB) on the y-axis. It should be understood that the graph 140 is
but one exemplary modulation response of a pump-modulated laser 120, and

25 that different pump-modulation configurations could produce different

responses. No numerical range or feature of the graph 140 is limiting.

[0050] Curve 142 includes a generally flat region 144 over a range of
low modulation frequencies, in which the modulation response of the optical

resonator 122 shows a large response to the modulation signal and no



portion of the light circulating within the optical resonator 22 to exit.
Typically 5 the output coupler 28 is a passive (i.e. not actively
control | eap 2el1eimersd, such as a partially transparent m PCorcA2Magno®i t he
l'ight striking the surface of the mrror is reflected back into the optical
resonator 22, while a small fraction of1hhe i ght (perhaps -1-5% of the

i nternal steady-state power) transmts through the mrror and becones the

| aser output signal 30. In such a configuration, the 10 output coupler 28
woul d not be directly controlled. To nodul ate the output signal 30 would

requi re act ppprexidile Qiep@wdené@rm mbheratlsms‘tezmemyrp\mhmn thisdowerenyaney as
the skilled person w | reciate, direct rrgdggdul ti on and external
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signal 134 for the oﬁg”ﬁ 126 is also included. The 25 contrf)IJer 132 can be
i ntegrated mherr YO¥ @é’@?dliﬁbo'@)rreﬁ%ﬁedghva@at&”?eﬁhpﬁ exeliation; enelgyy he
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gai n nedi umflegaensy hangeedefimsd e r@lhoﬁpégloal146e$|meﬁeoir the gainamediune 12aser
out put signal 130 is allowed by the output oup to.exit th
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t he punp-no at ed aser 120, however, limted by, anong other things,
the physi cal122r iqicatedsbyod Kriee-ppni t48 |rn esmaﬂ@z Thas, dhis gadentisemutie125.

In particul ar, thelaser 120 i s char ter| S I X sonance
frequency, \TRERCIEUSHICSC AT SRt i"flg aﬁﬁ‘zae)( tgﬁpna%&% "“'qu%re‘nf:? o
represents an effective upper frequency limit for the modulation rate of the

20 pump-modulated laser 120.

[0052] The relaxation resonance frequency wr is dictated largely by the
physical properties of the optical resonator 122, gain medium 125, and
operation bias of the laser 120. Techniques exist to increase the relaxation
resonance frequency wr by changing the resonator physical properties, which
25  can increase the useful operating range of the pump-modulated laser 120. For
example, these techniques include engineering of the quantum confinement
in the active medium, utilizing injection locking techniques, and leveraging
cavity quantum electrodynamics effects. However, as relaxation resonance
frequency wr tends to be inversely related to the resonator quality factor ("Q
30 factor"), as suggested in Eq. 1, increasing the relaxation resonance frequency

wr often decreases the Q factor by a corresponding amount. For applications
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modulated, both the gain and refractive index of the gain medium 125 inside
the optical resonator 122 will vary in response. As a result of these variations,
unwanted phase shifts (or "chirp") are unavoidably introduced into the
modulated output signal 130, even though there is only active effort to control
the amplitude of the modulated output signal 130 (e.g. simple intensity
modulation). Thus, chirp represents another potentially significant limitation on

the utility of direct pump-modulation schemes.

[0054] Referring now to FIG. 4, shown therein is a schematic
representation of an externally modulated laser. The laser 220 is similar to the
laser 20 but includes external modulator 250 responsive to a control signal
254 generated by controller 252. In the externally modulated laser 220, pump
226 delivers relatively constant excitation energy to the gain medium 225,
thereby maintaining a relatively constant, steady-state power circulating
internally within the optical resonator 222. Output coupler 228 may again be a
passive element, but this time providing a continuous-wave (CW) optical
signal 256 to the external modulator 250 for amplitude and/or phase
modulation. In response to the control signal 254, external modulator 250
transforms the CW optical signal 256 into the modulated output signal 230.
For example, external modulator 250 can comprise one or more variable
switches, for example based on Mach-Zehnder Interferometers (MZI) or
electro-absorption modulators, which are configurable by the control signal
254 to modulate the CW optical signal 256. For example, the external
modulator 250 can provide one or more of gain, absorption, constructive

interference, or destructive interference of the CW optical signal 256 to



appreci abl e dependence on nodul ati on frequency. Wthin this | ow frequency
range, .nodul ating the excitation energy signal 136 produces correspondi ng
vari ati onwoiznitvigisontra-cavity field strength of the optrctalAznagooator 122,
whi ch are then passively coupled out of the optical resonator 122 to
generate the 5nodul ated output signal 130. CGenerally flat region 144 can
therefore represent the useful operatihg regi on of the punp-nodul ated | aser
120. [0051] However, the nodul ati on response exhi bits a dependence on

nodul ati on frequency once curve 142 enters into the roll-off region 146. In
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15  relatively large amplitude input drive. The power of the CW optical signal 256
already represents a significant reduction of the internal steady-state power of
the optical resonator 222 due to the low transmission coefficient of the output
coupler 228. For many practical optical communication systems, the output
optical power from the laser 220 (i.e. the power of the CW optical signal 256)
20  will be on the order of what is required for the modulated optical signal 230 to
be transmitted error-free over the transmission link. Thus, to achieve high
extinction ratios within the modulator 250 without significant loss of
transmission power, large differential phase delays (or alternatively
gains/absorptions) requiring relatively large input drive amplitude will be
25 required. For example, it may be necessary for the modulator 250 to apply
large phase shifts, at least on the order of about w or 5, to the CW optical

signal 256 to maximize the extinction ratio of the modulated output signal 230.
As will be explained more with reference to FIG.5, modulation of the laser
output coupler rather than an external switch, such as modulator 250,
30 leverages the comparatively large internal power circulating in the optical

resonator 222 to achieve significant efficiency gains in the modulation, while



- 12 - requiring large Q factor resonators, it can be necessary to
conproni se on | ower nodul ation rates, or else use an external nodul ator
(such as weshiomsison FI G 4). Accordi ngly, punp-nodul at ipom/arey11woo29ive
acceptable for all optical transm ssion applications. 5[0053]Direct-punp
nmodul ation of the laser 120 can al so suffer unavoidably fromchirp in the
nodul at ed optical signal 130. As the exdfttation energy delivered fromthe
punp 126 to the optical resonator 122 is nodul ated, both the gain and
refractive index of the gain nmedium 125 inside the optical resonator 122
will vary igatrpepgase. titke aetasingt aofargdemedurtiont bandwidtt Canthverrabding phase
shifts (or "chirp") are unavoidably introduced into the npdul ated gut put

signal 130, agydituderphase t Heedulationn|of albe venosiaied teutpsht SigNa he230-
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15[ 0054] Referring now to FIG, 4, ShOV\‘I‘I thergé is a schematic

r epr esen? at PEVidES AR Insieaserhite sreatipliaage|( . The laser 220 is simlar
to the laser 20 but includes external nodul ator 250 responsive to a control
signal 254 {Rflat ed BGcont shawsra 2schematia epesaestatian \ofndddingt &paraser
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coup! er 228 may again be a passive elenent, but this _%imrre%grovig%é]% g
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anplitu and/ or L QN aghn A 0 ; ; 254,
exter na?ﬁno%ufn%tdg?ﬁg@g)%gﬁjégﬁrgggﬁgg tAhég@\N opt”]sr@a?ﬂgilﬁg‘gpggd%éﬁ?ﬂtggh?he
nmodul at ed owpfivsl ssspnator23ZR drar situatedlie, thexpathnafl thepthseatlight ZHCutading

DLor f or oo edihin IMZOpiIGh! TBRRAIPD 32Bobs HYBAISTD BUF K6 o SPRRTEF iecor e o'
configurabl ¢, uettcfbﬁﬁ)gé}rﬁécphwaz nggéﬁfy LSupTRE Wb RbRresPEndiHY BPipcsite evidgnal

256. For exa extern ul"ator 250 can provide one or nore of
gai n, absor pfithe ringoststicture 368 tondedinieea aircelar @onfissment wiatte in theeoptieaince of
the CWoptical signal 256t WO 2011/ 113150PCT/ 11/.000291 - 13 -

achi evelapdieeRn gr_ g%% S:Hﬁhttﬁﬁt gagle RENg: fing, Siipc F%Cé%gﬁnpgﬁeﬁuéh%coyg}ﬁr t he

modul ated o ' tical re¥oRAtePE02aThe ¥BRRLERIRbétveansi gnal
accordi ng tég@?#serog,rd%%gg@@ﬁ(g?gﬁ?b%dul a?i on schenes. [0055] The external

nodul at or 2%0e ovetpob neEsiptern360f andering nstruatien $585 provide eaptiad equpling

unp- nodul ated | aser 12 s described herein..For ¢ HOuLi an
Ve i the AREEPAMS AR I 20500 Reenion i e bple TRsthaith 32208k 2
modul at ed Outggweédh%tori. STHedeatgut doupfero66 ahpbe Quatedt monolithically wie a
nodul ati on (QAM, involving simultaneous nodul ati on of both anplitude and

phase, 28n sestcorduden diseAllgrnativalyidthey outpvs tasplanrso? tadaba iRlearaied: ne
Mzl 10 in the external, madul.at . ti.an er nal
nodul at or Zw?%rgﬁeﬁ?glds%r\'gg} h‘& gé%ézrgm{%g%rég)\gﬂgﬁ fg% cr)ﬁe@gﬁéﬁgcoe (r?reg%%ncy
(DR of the |l@febpticH) reddrefi6r 322 icaHsals® bei al lght firesserakieronhecate tesamator
nodul at or 250 suitable for use in high data rate optical Eransm’ Ssion

| i nks. in some embodiments. For exam%le, the optical resonator 322 can be micron

or millimeter scale.

25 [0058] As described herein, the gain medium 325 housed in the optical
resonator 322 enables laser operation. Pump 326 delivers excitation energy
to the gain medium 325 above the laser threshold to achieve coherent
oscillation in the optical resonator 322 and generate laser output. The optical
resonator 322 formed, in part, by the ring structure 358 and the output coupler

30 360 provides a continuous path for the laser light confined within the optical



[0056] At the same tine, the nodulator 250 will tend to require 15
relatively |arge anplitude input drive. The power of the CWoptical signal
256 al reawip 20mprigsent s a significant reduction of the i rCEraablizwendy- st at e
power of the optical resonator 222 due to the | ow transm ssion coefficient
of the output coupler 228. For many prag[ﬁl cal optical conmunication
systens, the output optical power fromthe | aser 220 (i.e. the power of the
CWoptical signal 256) 20 will be on the order of what is required for the
nodul at ed optical signal 230 to be transmitted error-free over the
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circul ati ng ceyRisy 3 tsxit dtare, the ?(B‘Ffi\tob’ Rt an
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(FSR) . ows a schematic representation of a ring |aser
i ncor por at i rmqptlaalnmelsmmterd 322t imitretzongd en the apticatiaasenaipt B&hbueeeitt s of
def i hi g o GORITHEHGHETGIRR. for 11 ght fo ciroul ate Cherow thin & pump 326
and [0060] The output coupler 360 can be a variable coupler that is
selectively configurable by the control signal 364 to modulate the output signal
15  330. In particular, the output signal 330 can be modulated in one or both of
amplitude and phase, and according to simple or more advanced modulation
schemes. For example, it is possible to generate control signal 364 in
conjunction with an appropriately configured output coupler 360 so that
information is imparted onto one or both of the amplitude and phase of the
20 modulated output signal 330. This enables the laser 320 to operate by
applying both Phase-Shift Keying (PSK) and Quadrature Amplitude
Modulation (QAM) schemes to the modulated output signal 330. Of course,
the skilled person will appreciate that other modulation schemes may be
applied as well, including for example Amplitude-Shift Keying (ASK) and
25 simple amplitude modulation. This list of schemes is not understood to be
limiting.
[0061] FIG.6 schematically illustrates the output coupler 360 shown in
FIG. 5 in greater detail. An input port 370 of the coupler 360 is connected and
optically coupled to the corresponding first end of the ring structure 358
30 adjacent the input port 370, and provides a low loss interface for light to be

received therefrom into the output coupler 360. The output coupler 360 also



10 a nodul ated out put coupler 360. A gain nedium 325 is housed inside the
optical. resonator 322 and situated in the path of the laser |ight

ci rcul at iwgQ 2itwhBrsot he optical resonator 322. As ill ust rarah20m/0602%1 5,
opposite ends of the output coupler 360 may be optically coupled to
correspondi ng opposite ends of the ring,structure 358 to define a circular
confinenent path in the optical 15 resa ator 322, such that each of the
ring structure 358 and the output coupler 360 prOV|des a portion of the
optical resonator 322. The connections between the output coupler 360 and
ring struct incudksSapouputecoupled: port GZpfromgwhickrtbbenadelatedieplical sigralr i ng
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structure 3§§t'8?ldrets ﬁ’u %{f%gn% éyt%@%gé@tg gﬁg;c?ddggﬁgfscrgtﬂﬂ%%gﬁgﬁlh qﬁﬁ f or
the laser | logT&am@Bha@ad 3ot thy Wassmr taptthralgh M€t 374. The input and through
2011/ 113150PCT/ CA2011/ 000291 - resonator 322 to circul ate.

the enbd@di mpertsi 3710 sI7daelithe; outpyigcoupler 38@ combime With hg fﬂga§tfvﬁtuf%§§§pt i cal
ot uded i n (@ miOyfe; 6L b 16 G Rious | ARAEH oP a1 i H80. |2

eson I'n tThe pat e cCl uI at1 ng wave
of | aser |i gaticanesbratoespRNsi ve to control 5 signal 364 generated by the
controller 362. Light received fromthe ring structure 358 into the output

coupl er 360 E[’a)e*ezq'ther THUMES bertt BRO! Rees ant piérferenbackedtitno 376e theng
structure 358 i n response to the control signal 364, As a result &@ ortion

of the ci rcmdomnstr@am @nd pfswhisheist PW@'Y&GQW%H with bath the pUtPUEGaH 360

330, Li 8t Aparvals] RBhs e ol ag BTt euREr B STbRY e RN

optical resqrapRr 6% dah betfained integrakty ewthircahe reptivabtresoriar Baer asi t
continues to circulate. [0060] The out put coupler 360 c %(éga vari abl e
[

coupl er thatonmssélt@@ﬁlﬂ&P@V ﬁﬁﬁf%ﬁi'IYéOBDetorﬁ’é'C%UﬂSPBPpoé ABSIBAY P§
nodul ate the,_out put. s & 330
can be noduﬁg?é:(?ggﬂn %%(gé}ﬁlal H&}%H?a%& arrp Irtu eq_glﬁ < ﬁggglﬁg‘;}gegc@(}rggﬂﬁg to
sinmpl e or njethrdyevtesiér BBubAd lptwwdedjeaﬁlae dEd)puteacalmele%Othnﬁgp@essihl@I eto

t trol | 364 h | d
ot put - 8Bupieleresenciosestin 314 5pHet fiF But Halral IPYGRT OB BBURPdY °t ne
anpl i t ude agg,@w.&f?w.oagd“mw beﬂméﬂ’é&ﬂ& t-SoupIEd &%@ thF Porsl es

the | aser 3 0 opera appl yi ng both Phase-Shift Keying éh SK) and
Quadrature Agvm swd@cd\ﬂudmgm rtmme(e@m field rfriee opticalhwaym 8eemeé the auiput-

ol &t on SOYBIRELPaR;3TR0 dapierdad SREninith is rEBRERERYE of B plielEice
Anpl i t ude- Skﬁrfot pK&3d HGneARSduIatd output signal 330, can be given by
25 B, (1) = (0)- E, (1), @

where «(t) represents a coupling coefficient between the input port 370 and
output-coupled port 372, and Ei,(t) represents the electric field circulating
internally in the optical resonator 322 that is incident on the input port 370. As

will be appreciated, the circulating power inside the optical resonator is

E, (1), so that ‘K(t)‘z correspondingly represents the

30 proportional to



25si npl e anplitude nodul ation. This list of schenes is not understood to be
limting. [0061]FIG 6 schematically illustrates the output coupler 360
shown i n WO@Go11B11B150gr eat er detail. An input port 370 of pCmeEA20OUmE91360 is
connected and optically coupled to the corresponding first end of the ring
structure 358 30adj acent the input port_ 370, and provides a | ow | oss
interface for light to be received thet &f Fominto the out put coupl er 360.
The out put coupler 360 also WD 2011/113150PCT/ CA2011/000291 - 16 -

i ncl udes an out put-coupl ed port 372 from which the nodul ated optical signal

330 is et pegsentade DfadTiutating podewTsi(t)emmtieptdptiehl cesonatorc 2Rothak iisk,
such as an optical fiber. A through port 374 of the output coupler 360 is
al so connectedplgddodpei @&PWCQ‘&]%? PPt 7% 6%%@5}90%&???6@%85@1“?@0@9 Tof the

ring 5 strughHrg 3 ' _ r r v f8p{her

| ow | oss | n?ébf Q‘geﬁlg gfgbﬁéﬁ?’t‘”{%qﬁtbgr@ﬁ%\ﬁa ede tﬁ%%fg tf‘ Eg)rlgltslg fth this
configurati wogﬁhtd@qscamu4,mhltﬁalt and through ports 372,374, |ight which
does not exit the optical resonator 322 by the output-coupled port 372 is

retained_w thin the opt, gal sonator 322 by, qay of the through port 374.
The inpuw® and thr oughﬁ)’cl(é)?pﬂ?{tg 370, 374 of t@ﬂout put coupl er 360 combi ne

with the ring structure 358 to provide a closed | oop for continuous

ci rcul at i onwdferé aBrrepregeantsiat eouplingecasffisieal betwasmather inpab poftodELpirde
i nput port 370 feed n interference section 37 t he do [ of
vx/n!ogh !Os opﬁ'ﬂr@&ghyp‘z%ﬁ}#ed‘”ﬁﬁ"h "E)o?tai'sf% ohu?fpgﬂ?%oﬁpf;%@pﬁﬁ%wgwfgﬂsh
ports 372, ?;(Z),fpnlg Hidlin E}g ﬁiete%&kﬁy.w% ERvehAona thetdbdongteUalusisquareg| er

360 can be y wthin the optical resonator 322, as opposed
to bei ng preypeenexpenerlThust bytway optcd, the sigral prodded tashendlyrowght he

[ I dul at i h . 1N |, si . 364 db
he. contbol ent 366 candaramARTongY i 1ok rimtuet SublEaigebARR STPEEE: " 20
interfer encgr_;%ﬁ'%é BU}P%Y-QQEQIegr}z&t ghe Tlﬁg%la%ﬁérﬁéﬂsp%m@ﬂ ih EReivesh alsot he
or e t

i nput port i's”ap tro et ween e out put-coupl ed and through ports
372, 374. Acter ghodified, dependigon whethérthe odtpuheounler ¢80 isvpssy sediasaiett he

anpl 't ude. ai@PbBSae oSy ROt Aot Fars Srasam bp BRETERE R Lang, 1"
25Eoui (1) = K{L kas&of het géiﬁ) it can sum to a value greater than 1.

15 [0063] It is evident from Eq. 2 that the output of the coupler 360
depends generally on both the internal circulating field Ein(t) in the optical
resonator 322, as well as the instantaneous gating of the output-coupled port
372 represented by the output-coupling coefficient k(t). However, if an
essentially static (i.e., steady-state) internally circulating field amplitude,

20 denoted Eino, could be maintained in the optical resonator 322, then Eq.2
could be simplified so that the optical output depends only on the output-
coupling coefficient k(t). Control over the output-coupling would then in effect

result in modulation of the laser output.

[0064] For Ein(t) to achieve an essentially steady-state at Eino, the
25 pump 326 can be configured to deliver excitation energy to the gain medium
325 to maintain a quasi-constant amplitude of the circulating field. The
excitation energy delivered to the gain medium 325 can be dc excitation
energy, but can also have a time-varying compensation component as
described below. Additionally, to achieve an essentially steady-state internal

30 field Eino, the modulation rate of the output coupler 360 can be selected to be



where K(t) represents a coupling coefficient between the input port 370 and
out put --coupl ed port 372, and E(t) represents the electric field circulating
i nt er nal lwoi2nitthagisopt i cal resonator 322 that is incidenPCorcAzhA/GoogUt port
370. As will be appreciated, the circulating power inside the optical
resonator is 30proportional to 1E,,, (Oli so that | K(t)correspondingly
represents the WO 2011/ 113150PCT/ CA201 ?000291 - 17 - percentage of
circulating power P(t) in the optical resonator 322 that is coupled to the
out put - coupl ed port 372. Assuming a | ossless output coupler 360, the input

power P(t) widch eeatengkan ettiebedisveationt InameatfreQU@m@d uw@fttheoogﬂinadorts
372,374, such that 5lic(t)12+10-(t)12 =1,(3) where o t}l rese
coupl i ng coegsongtet32Bet ﬁ@e@@%‘é‘at'%uﬁat%rWughogéﬁﬁie& HP8hg ‘P‘pdf5 ax§t7'9fn

which, in s bhng
coeffici ent %ﬁa%é@f%bs E%éa}‘ittp%ijé\%%whgﬂg&gqlrtﬁltnteﬂl/etapﬁnéasﬁég%%%%efgpr esents
power . ThuswilpioveNgér beEthle":to tépodidgaathargesi idets dperating tdonditigns Langor t
374 can be conplenentary to the npdul ated out put signal 330 emtte from

t he out put - fuispwélirerpain mqelwa@ﬁeem Py rsmalh CQ@B&?% iR dhe PURMT-COUPART al so
be nodifi ed(gg?@g@%'t gg%owﬁ Ih%% will® Od’és?ﬁ"i&e&‘?rgmc?ré RS, I8rde Oe";f?hgg‘s iRas net

gain. In th t SI can sum'to | ess

than 1. In mdbfu fJ)I could tdistarb ?ehénnﬁterwalhyablmlwregatﬁerd froamits.
15[ 0063] I t |s evi dent rom 2 that the output of the coupler 360 depends

general | y oappuimatedy |Srh$&SiYﬁaﬂatQ:|Vﬂblﬂ athusg By EJ”@F'YEPPE‘BFO“'HQttﬁﬁ ARl af

port 372 r ofxetanee sy i, M bR Ao groBT P w1 FbRULCCOHE o
an essefi alhod BARIH faté lof the obtpR@LBupirR] @6efﬂﬂéﬁt K@), lte ntemaligtoiroglating| d
anpl itude, 20 denoted E1,0, could be maintained in the optical resonator

322, then Ediel owithid UEsmptmaifreeanatort R32 rersaipst iesaentidlyp @t BeopeABd only

on the out put - co ffjcient t - lin
woul dt nen” erserialy ortugtfed & R aldn e BF Rk PEEmb 3o R SR
E(t) to aCh'c%ﬁéltléﬁseﬁ}%eﬁfddéldtwnsrteéédﬁsébﬂftlﬁ’e #serioane leeeoﬂﬁlenumsmﬁlﬂé can
be configured to deliver excitation ener&g to the gain nedium 325 ttﬁe

mai ntai n a dntepsicaessenas ofkihsl antigakresena ﬁzr@m&ﬁ”@aﬂ'@?%bewn
excitat n enerl%!pggé%ei%gﬁgaﬁé’tﬁé] 2i33h8qiiR{sEN 325 can be dc excitation

energy, ut CUSH tine- ar I'Ng conpensati on conponent as
nternal 30l004Y i n, & PR %mi?%a"“h&‘f' g ERERBb S (b bR S .
be sel ect ed (bRxBon Y& cHuhbe HehRMRE Th G wdidl ARA284ge changes to the output-
coupling coefficient x(t), the internally circulating field Ein(t) will respond
strongly to changes in the output-coupling coefficient x(t), causing potentially
20 significant signal distortion in the modulated output signal 330. Thus, it would
also no longer be the case that the internally circulating field would remain
essentially undisturbed by modulation of the output coupler 360. However, by
selecting modulation frequencies well above the relaxation resonance
frequency wr, where the overlap with the distortion band is low, and by
25  controlling the output coupler to provide only small changes in the amplitude
of the output-coupling coefficient k(t), the amplitude of the internally circulating
field can be held relatively constant (or "quasi-constant”), with only minor
fluctuations around a selected, steady-state level. Operating the coupler
modulated laser 320 at modulation rates well above the relaxation resonance

30 frequency wr to reduce distortion in the modulated output signal 330, it can be

emphasized again, is contrary to the action of the pump-modulated laser 20,



- 18 - much greater than the rel axation resonance frequency (DR of the
optical. resonator 322. For nodul ation rates nuch greater than the

rel axat i omoresionarsee frequency coR, the photon density WwCrhiarotiheompti ca
resonator 322 will no | onger be able to respond to changes in its operating
conditions, and 5 thus will remain Ia;gg;y unaf fected by small changes in
t he out put-coupling coefficient K(t). sver, as Wil be described in nore
detail, large changes in the output-coupling K(t) could disturb the
internally circulating field fromits approxi mtely steady-state val ue.

Thus, by joiwMidhy irc@Bhtrasl retflifeBeoserandly afmedalatiahiratessnet excéeding tthe punp
326 together with the anplitude and 10 nodul ation rate of the

out put - couprelayaliasefreqeenaytor(t), the internally circulating field within
the optical resonator 322 remains essentially at Eln,0 and essentially
undi st ur bed[@366jodul affherinternallyecicnuiating field s Elealip Mmainsaiiged ahe selected,

diti , th dul at i f the.l be d I f h
Cotrinsi o r slegneget Amtuls e FBsah ot B39 BEC Sy a6 HeeERIR Bet ween
the 15cigculahicl thissteally $ttedMthd BptidrirdsdRAbLB2Bden(tR@ @Rlput cveplerast ,

at | ow nodul ation frequencies (less than or near to relaxation resonance
frequency c8Bp iamivdirlateidtand thegpumpadidfedelivers e exeitption engigy tnthe gain

coefficient K({ internally circ t.ing, fi.el i L Lt

strongly t onﬁéfﬁeﬂ@eéggnp‘?h’g Ay Ry JP&&’%&%‘Q&%hai'&aﬁﬁmi%é“t‘é@%? ?ﬁge
potential | yintaﬂma?rlygairémﬁﬁgg fidlgnal i qilaei-tbestahn 1éVs, rtagupainpd 326t eah
signal 330. Thus, it would also no | onger be the case that the internally
ci rcul at i ngoptienallynols d cpatialied etos epfovide ytimawiasying b &xchgtiofbd@Neioriof t he

out put upl_er ' gagetell j f I above
t hepr el Iggalto Fgﬂ‘pféggghe;ﬁ)ﬁ\éﬂeeaﬁtéﬁ ?@JCW%\%HH e lrﬁéefn%\lr)g rC [rggllé\f/i\nﬂg 'rflﬁlﬂnigﬁhé
distortion lptaliresbestor 30d. But evin incthis cddd, egnipheteatalplizatonupbg mot be
provide only snall changes in the anpljtude of the outpyt-co gl i n%

coef fi ci ent PRESIPle. THuwisa ABMe flirduation Wghinrﬂrbpﬁﬁ'iqtbslﬁ E‘?"%Qﬁrja%fﬂr?%g KRUWEhEan be
held rel ati n [ L GAN T 5w I &R 5%
fluctuati On\g%gﬁ%ﬁgsgééaé\gé}ag%tvgﬁé’ Z‘t%%yag’% E%I%i%tgl ’e"\"/mc'f‘ hcdép}grbgt ?Rg&t ﬁé ’c%ul}pl er

nmodul at ed | peeia@2@ven awucat 4912006t eftheetesisdub steadyestatd aakiei innsoregonance

30f requency coR to reduce distortion in the nodul af ed qut put . sigpal. 330, it
can be &Bph&aseedlhg&xact pize friheARerable RBISITRY e&ﬁﬂﬁ&é&%% ﬁﬁ}ﬁﬂ? ted

| aser 20, ggé%rﬂéﬂérélgflﬁﬁ lgyi%z%yn%ngéTasl%ell W81 ebrabtefigfics @Ftthe

requires op on at no tron rates not exceeding the relaxation
frequency wdowrireanTbeticalt teamsahisgioni lindu|Fri exgniple] the speeiied Irgng@icdnai ned
at a sel ect %de small enough so that fluctuation of the internally circulating field around the
desired steady-state value is not so large that the resulting distortion in the
20 modulated optical signal 330 exceeds tolerances specified for the
transmission link. Different tolerances for different transmission links can

suggest different specified ranges.

[0067] The fluctuation of the internally circulating field in the optical
resonator 322 should also not be so large that the optical resonator 322
25 experiences laser turn-on/off dynamics. As will be appreciated, if the internally
circulating energy is too greatly depleted, then equilibrium within the optical
resonator 322 can be lost and laser oscillation can cease. Distortions due to
excessive spontaneous emission and laser mode competition can therefore
be produced in the modulated output signal 330 as equilibrium inside the
30 optical resonator 322 is restored. In either case, the output-coupling

coefficient x(t) can be selected so that changes in its amplitude are small



steady-state anplitude Ein,o. However, it may not always be possible to 5
achi eve true-steady state in the optical resonator 322 when the out put
coupl er 380 2ws/1mBrd0l at ed and the punp 326 delivers dc epcrt@2iamwoeergy to
the gain nmedium 325. As it may only be possible to maintain the anplitude
of the internally circulating field at 3 guasi -constant |evel, the punp 326
can optionally be controlled to provide Pi'me-varyi ng excitation energy to
10 conpensate for sone of the fluctuations in the internally circul ating
field in the optical resonator 322. But even in this case, conplete
stabilizati @ﬁo[]%b{ t80InalitaiPOfel Piternall wircukeing fidldovitisini am opierdble range
operabl e range defined around the desired steady-state val ue may be .

tol erabl e, WOWH Gadepiced sieadysstate yalysimypaclavbg distartiem e&?cé%%ef%f‘ t he

desired st e@gé%@%%ghev?kgﬁghno?%rées it 8568%d b@?p@’hég Oe&itﬁ% Pk {discteger abl e

range may d ysical pdraneters o ptic resonat or 322
as well as ehafasticar iaéiang ddsifcdestdatnstate powepicaoalsd irdluentces fiownmiuchk. For

exanpl e, the specified range can be small engugh so that fluctuation of the
i nternal Py @mMriityde FhRNge B HeQURMLS ”3&9?8@&@@%&9@&?%@9@% i s not
so large that the resulting distortion in the 20 nodul ated optical signal
330 exceeds [6@38]r anced hepraogeiaf dnddilatidrefrequensies svenwhichidistortigreindhe

| f i ff . i ssion |ink i neci fied
Fangee. [ ooBMcfieler AiPHLTBRA 210 a0 iieartert 5'<d M Btk BV aRHuERGl e ©
optical resqpabAy BP2edldHtha! faghtlddefStel am?éshm théeouptii-cdlpling

resonator 32 25 experiences |aser turn-on/off dynamics. As will be
appr eci at ed coefficierd w(t)t &snadesoribedr bereir, ithg refaxatjipnireseonancg dagaugnelepiret ed,

then equilibriumw thin the optjcal, resonator_ 322 c be | ost and. | aser
oscil | gﬂpont%"léﬁlis E’e%%w é%'aﬁds‘f‘lﬁ‘?tgﬁ e taﬁég'fg‘aé%gggﬂ%a-@&@nt%%ﬁ% E)eﬁ'icgsi on
and | aser g Spmse 's%bﬁﬁb%afbrtm?ﬁ@ff RHoRIURRiIoR RAGE @9l plufhp-AR dimded dasst
out put si gnal gS as equiltbriumTnside the 30o0ptical resonator 322 is

restored. | appiitteonsedbe, oppusiteub@lds -tewrifoi the couplaronedulatgd Yasain32@
sel ected so that .changes [n its.a i tude are snal,l oo

2011/ 113150 Péﬂztgﬁ IHisab !ﬁslo-”%ngé% r?%[]é‘?? dgsigned: 8, ’\Pﬁ‘\gf“rﬁ‘é'z? ISR
circulating eicr{hdeﬂh@ré{li R BIsBreanes ABIBrIoABIR thé PHoELIatedesitpatisighargdso %at e

value in which the distortion effects herein descri bed are avoi ded.

cour se, 16t ghdutidg ltee sgipxatioraesananee fregeerey et ed nodul ation rate and
desired steady-state power can al so influence how nuch 5anplitude change in

the out put - qoofd]i Ng cREoritenfinkése isvdrother somepdrdp| wilizf0 0f@farheamncange of
3301 o 51 gniMmPnforcaRtcR| SiPSBBaIA sz Bl 5P APALRS FIglc IRERTE. BPUKBRA ng
the magni t ude Qi LY § HEARFESF &xbddiby RILsRHtRE PE4BHdREr (similar to the Q factor)
and resonator free spectral range (FSR), which is defined as the frequency
20 difference between the resonator centre frequency and the nearest resonance
modes. As smaller resonators tend to have a larger FSR and can be not as
lossy as compared with larger resonators, typically they will also have
relatively large finesse. Since significant distortion can arise if the bandwidth
of the modulated output signal 330 has non-negligible overlap with the
25 resonator FSR, high finesse micron-scale resonators having relatively low
relaxation resonance frequencies wg may be particularly suitable for
implementing the optical resonator 322. In some embodiments, the optical
resonator 322 is a micro-resonator formed monolithically with the modulated
output coupler 360 on a semiconductor die. As mentioned, micron or

30 millimeter sized resonators are suitable, for example.



coefficient K(t). As described herein, the relaxation resonance frequency
coR 10 tends to be related inversely to the resonator Q factor. Thus,

wher eas vbaotion3whten wil|l be sacrificed for higher noaalratazon/mexdes in
punp- nodul at ed | aser applications, the opposite holds true for the coupler
nodul ated | aser 320. Instead the opticaé resonat or 322 can be designed to
maxi mze its Q factor and thereby to al 6'reduce distortions in the

nodul at ed out put signal 330 by 15reducing the rel axati on resonance
frequency coR [0069] Resonator finesse is another conmmonly utilized

per f or mance[0070]i ¢ f oSnewll highlQ/ s digh dinessé\sresbhatope atgophana titecblendfitnesse
provi des a conbi ned indication of expected loss in the resonator (simlar
to the Q faof exhibiing corsparatioelyflarge internallacirculatig POSR) ]E,-Mi fon a givaef i ned
as the frequency 20 difference between the resonator centre frequency and
t he near est inped cfaexnitationleanergy feamaltherpurag 324 t snaistadn LoqHasiCcoRnstaiiger

FSR and can _be .not a 0SSy as,..cQ re | t J e \ Lgal ly
they will aPE}P"ﬂééFe c}%eh}ﬁ i‘KYIEPf?“PQHB%'df %&s’gab@:{%ﬁ% cgsfi %Pﬁ@él%fc%)lb@bért i on
can arisg i tobhigidpneiy dbhopfimizZe thi@dubet esitputt potvesi giRal dadfeakas with
non-negligible overlap with the 25 resonator FSR, high finesse m cron-scale

resonat ors nvéaging dinasiseelGorrespondinghat thenowipsib ranetert 36Q)leyrirges dBR nay

b ticularl i table for.inpl i 4

ot emoai TAsaE el By 8, i TReTRER, 8 sCiafeh i Bpytaesihattr P2 g
monol i t hi calghypj bmy_tmem)emaﬂt&ﬁrw&mnngomimeﬁm(tprarm sevill ashamhget or
die. As nentioned, mcron or 30mllinmeter sized resonators are suitable,
for exanpl etheraof, 20 gehelse tipandoiated putpdgsignal 339 at gufiicrentdrnsmissigh- Q

i.e. hi finess respnat ors. al so have the benefit . of RLt I ng

conpar a?&velp?"“leéiﬁ%‘éel?dglépr?asl 5‘90%?%ﬁé’u|sm"n a&%@r'nl%ﬁ%ﬁeo “gbgcloxgg'r?'elnr*put of
excitation gnerihvel fHRMabARioRENMBeRd® 6O niMiMIZIAY NiStulb@sde EONISé airculatingi t ude
of the circulating field. The magnitude of the output-coupling 5

coef fi ci ent fikld Einbowbijshi imi twen {imits| the amountpeft dipiofken seen indhe spshdatgdt h
I ncreasi ng finesse. spondi ngl { he .out put é % t he
| arge anpl i CYRY o?'gf‘f(’\:lggéﬁt Byn Ay ?%FB”‘E%% @)I h%legf#ﬁ Ff’h"%g’g?t!°§‘a?5'?§§§nat or
322 to enablsgoml in G & YoetaRbe 1R IWLoPUPSigRSI 256 bidvidedto K(d pxteamal smal |
changes thereof, to generate the nodul ated out put S|gnal 330 at sufficient
t ransmi $§i ormodulator 250 has already had its output power reduced to transmission
levels, much larger changes in a transmission coefficient of the external
modulator 250 will be required relative to the changes required in output-
coupling coefficient k(t) of the output coupler 360 to produce equivalent
modulations. Thus, less input drive amplitude will also be required in the
20 output coupler 360 to generate suitable changes in the output-coupling
coefficients x(t). The efficiency savings in the output coupler 360 for intensity

Em.[)
Eow

2, can be quite significant.

modulation, which are approximately equal to

[0071] By implementing the output coupler 360 using, for example, one
or more Mach-Zehnder Interferometers (MZI) having large modulation
25  bandwidths, the advantages described herein can be realized. The pump 326
can be configured to deliver an excitation signal to the gain medium 325 that
maintains a quasi-constant amplitude of the circulating field, and the output
coupler 360 can be modulated at modulation rates well in excess of the
relaxation resonance frequency wg, to maintain a relatively constant power

30 Pigcirculating internally in the optical resonator 322. The output coupler 360



10 power levels. Also as discussed, snall changes in output-coupling
coefficient K(t) have the additional benefit of mnimzing disturbance to
the circuwetongiidisel d E10, which in turn limts the anoeot/@20di®omiti on
seen in the nodul ated out put signal 330. By way of contrast to the external
nodul ation scheme shown in FIG 4, becayse the CWoutput signal 256
provided to the external 15 nodul ator ’Zgg'has already had its output power
reduced to transm ssion levels, much larger changes in a transm ssion
coefficient of the external nodulator 250 will be required relative to the
changes requan atbo e debigntdamdpdpergtetomidh thaetite Motulabéd ohpubsignal 380upl er

360 t duc i.val ent dul at : : i ' '

i) a1 S0 b baUEdTER o118 189BLEAYE ceBtpiabe S50P: Bgenciaad BT labFe
changes in PN eTatETeI N i chermt vellh f iy} ; i
the out put el PHEGARNR | AECT ) coBh' 2 Telabivell (3@l (ki nos 11

nmodul at i on, cebfficlkenarietiapand>smalt elhanggsiatheteofEMIlE, be requijred 7] ggnerate

i npl ementing the output coupler 360 using, for exanple, gn r o
Mach- ZehhdeRdedualer drayrst devels vn )thgawm '?tzﬁfjgé’“rtffb‘gfupISéEi’?"’gn%38 for data

transmission. As small changes to the output-coupling coefficient x(t) are
achievable by a relatively small input drive amplitude to the output coupler
360, potentially significant efficiency gains are possible. The output coupler
360 is also configurable for implementing many common data modulation

10 schemes, as will now be described in more detail.

[0072] Referring to FIG. 7, illustrated therein according to embodiments
of the present invention is a modulated output coupler 360', which is suitable
for implementing any of an amplitude, binary phase-shift keying (BPSK), and
differential phase-shift keying (DPSK) modulation scheme. An MZI 380
15 included in output coupler 360' is optically coupled at one end to the input port
370, and comprises a top branch 381 and bottom branch 382. It should be
appreciated that the terms "top branch" and "bottom branch” are used only for
convenience of reference to FIG. 7 and are not intended to be limiting. Thus,
the relative positioning of the top and bottom branches 381, 382 could be
20 reversed without affecting the operation of the output coupler 360'. Equally

these elements could be referred to simply as first and second branches.

[0073] An optical field splitter at the input port 370 splits the incident
light between the top branch 381 and the bottom branch 382. The optical fieid
splitter can be a directional coupler, a cross-switch coupler, a multi-mode
25 interference coupler, a y-junction, or some other suitable type of coupler. The
energy splitting between the top and bottom branches 381, 382 can be equal
(as in the case of an appropriately designed y-junction, for example), but can
also be arbitrary. The optical field splitter can couple light to the top and
bottom branches 381, 382 in phase, but can also impose a relative phase shift
30 between the light coupled to the top branch 381 and the light coupled to
bottom branch 382. The top and bottom branches 381, 382 are also optically



25 bandwi dt hs, the advantages described herein can be realized. The punp
326 can-be configured to deliver an excitation signal to the gain nedium
325 t hat weintiaiigassoa quasi - const ant anplitude of the ci pcu@2ongodioel d, and
t he out put coupler 360 can be nodul ated at nodul ation rates well in excess
of the relaxation resonance frequency c% to maintain a relatively
constant power 30P,,0 circulating interrfally in the optical resonator 322.
The out put coupler 360 WD 2011/ 113150PCT/ CA2011/ 000291 - 22 - can al so be
desi gned and operated such that the nodul ated output signal 330 will be

chirp free woupled ®eatcobples 3(8«3rutracﬂ bpipdsitecénd pf tHdyMZe880aThstoubter| 383ge
internally circul at}j only a relatively small _out put-coupling
coefficient HHe aa}g‘,{bggﬁwlﬁr Bﬁ‘&ﬁgé@u&qi@y%fportﬁl inclygting adfirst vgut sog ate 5
adequat e pov&ru e°d’ e'tBth?EnéW%llaz&%QCBh@ ﬂ’rﬂut?oﬂ]@% églgp %grto%pog?m) are

transm ssi on. sma anges to the out put I'n icien
achi evabl e liyaachl S84t asavgll asnml first optptut qlmrl\/%&lapula lsdeomd) outprut arp887,
otentially nifjc fficiency ns are possi ble. The

out BLte e upwﬁcfgé@e Feuaﬁgdegmﬁtws@naaﬁ@ qugputy wpfq#ea@rt 4 2l thedhfasghdat a
modul ation 105 heress th%somddt dre368 S ThiePeslipIgr B’Bgecé%‘%%'é directional

[0072] Referring to FIG 7, 'illustrated therein 'according to e nent s of
t he present doupters aomross—swmt)cbmmlerd aonmuffiumodelipterferd6€e couplechor sosei t abl e

for inplenentin 0 tude bi nary phase-shift keying (BPSK), and
di fferentlaIOtB‘F\'g%ﬁp%ﬂlﬁ {ytpelégﬁoHBe(rDPSK) nodul ati on scheme. An MZI 380 15

i ncl uded in géﬁ)ut coupler 360" is optically coupled at one end to the

i nput port 399/4land c&pﬁ kpawn, Pgff isradigita W%'%?@Qﬁﬁ‘%ﬁﬁﬂkﬁnms | t

shoul d kg am%&&% ool (i %h @renggﬁlﬁpﬁé%‘ﬁb en?é’[:&ﬂl@rl%r@égea are

used only for co venlenc are not 1nt to be
limting. Tome tihstaneesit PEK pmﬁl mapniunguef bireryt pattenmd twtdovrespoadinges

381, 382 cou).d be 20revers d wi t hout affectln% Lr@o peration of the output
Coupl ot 3600ISGEEEPNFSER AL e TElRIRPC Cati e SEASg 3 SRIUPNSS 91 r ot

and second byiapefesh I h Lt 370
splits the ?’r’lm gen? ?é&oﬁtet \rléefgf]énfc%ecétr(f)l@ nchh%eéln%;r?gh ﬁgb@ppt&o% Sr anch
382. The optqaoabefne@bdstsmxtted_tmr ti@amdmva elnd eaft thenapticaluphrsmisaion link.
Cross- syit Chl'y%?c%'y%é 2t rgf'ldtls'c:'rg'tédghases will be evenly distributed over the range

(0,27). For example, a set of two discrete phases (0,w) can be used to

encode single-bit binary patterns (0,1). This form of PSK is sometimes called
Binary Phase-Shift Keying (BPSK). Alternatively a set of four discrete phases
(0,%,7,3%) can be used to encode two-bit binary patterns (00, 01, 10, 11), and

V5
20 is sometimes called Quaternary Phase-Shift Keying (QPSK). Limited perhaps
only by the signal-to-range ratios of practical optical communication systems,
any number of discrete phases can be mapped to different bit patterns.
Increasing the order of the encoded bit patterns by specifying larger phase
sets can increase the data rate of information encoded through phase-shift
25 keying because each phase shift can represent a longer bit sequence. In
other instances, instead of mapping discrete phases to bit patterns,
differences in phase shift can be mapped to different bit patterns. Thus, in this
type of differential PSK, a certain change in the phase shift represents a
corresponding bit pattern. Either type of phase-shift keying can be
30 implemented in the modulated output coupler 360",



25 interference coupler, a y-junction, or some other suitable type of

coupl er.. The energy splitting between the top and bottom branches 381, 382
can be eqwel2(ia”3isn t he case of an appropriately desi gnedTicA20nani®n, for
exanpl e), but can also be arbitrary. The optical field splitter can couple
light to the top and bottom branches 38], 382 in phase, but can al so i npose
a relative phase shift 30between the Iiéﬁf coupled to the top branch 381
and the light coupled to bottom branch 382. The top and bottom branches
381, 382 are also optically WD 2011/113150PCT/ CA2011/000291 - 23 - coupl ed

to a couplejp@&} at amhepmsi tI8Engndf cétlirﬂeiVZIBS:BBBan The dmypded iB83Ihean be
a 3dB coupl er having four distinct ports, including a firs nput lgort 384
coupled to tﬂ’i@rf@f@ﬂcﬁr%ﬁn 396, oftheapaddaladhautpybrelpiss 3@9u:5-l%r3 ege

bott om brang fisk c% M2F 386+ c?rﬁgh@ ihbiShor® WrRLL RO bletwéén A tép HPEOBSHAHT put

port 387, 5 are cou respectively to the output-coupled port 372
and the thr bmmer38138«$20frhubepautlbbme pawqaﬂ iepuBBOthe NI 380 upHizectedlocan be

di t I I t t f
coupl er ,5 '8?%3&6‘%@@ 2, 260 path st e BB Parer (iadEY e BrckioBeR s
a digital 9@ PBQ/%F%Pm;ﬂﬁpenc 3¢ e gémehytr@%pr BidncRBE1 afd

nodul at i ng) ase 0 carrl er signal. In sone instances, PSK
will map uantterrbbrm*roh ﬁ&ﬂt thhaught v caor atss)pbedmayttall st willebp happrsciated. he

f i f di te th
ot orence o Mareaven i dpspaiu Hhesa it ELre ety oBfical SIS MRubh o o
at the rece'tl‘(frto;?%ﬂdor{)?ﬁcgﬁ KBhEREd 3B aBSE‘a‘-ié'|ﬁﬂeﬂ)érﬁﬂéntl3}f5con-fwﬂb§@| L¥inghe set

of di screte phases evenly distributed over the'range (0,2z). For
exanpl el0a s cohtrolvmgnlals’iﬁ%tF@rmme(lo sone emhbinglimeats, the eprtelesignal

| e- bit tt 0, P d
Bi nary. PhasaSaicrRss, 1) aoasaepedtt B st ing BRI edE page
phases (0, 7iyibsk) reflctR UpBRetO cRBRGECir W@sbbhsé)' fwrmepaatpfpﬁéﬂsvbﬁé’ge 01,
10, 11), and 20 is sonetinmes called aternary Phase-Shift Keyin QDSK)

Li mi ted per Iﬁhpﬁraﬂrﬂgytl'ieyampbtuﬁegﬁathetaﬁlplllﬁﬁg@"aﬁfﬂ ithereby goniels E'E‘@I e iV@a|

G Torent biePtg ranenoier 8 TosRerfl PR FET 52 AR8 AIGWETOP BRI, o 1y

speci fyh59 Ispyrifs opbéﬁéra‘ﬂ?tcﬁffé?réﬁt bh&seaReEDbE lteupiedatoyather df conpler 1386iton
encoded t hrough phase-shift 25 keying because each phase shift can

r epr esent aplr@ﬂg@rCOBtft)"%(éqméfFﬁiémeffﬁfQﬂCﬁer i nstances, instead of mapping
di screte phases to bit patterns, differences in phase shift can be mapped
to differ ent[oum] pattérsnen artaneatwentq spatrelakly yardng refragieaindexn the

i thor type 97 aiiabBfief PEnelgh 48T RIS Byl SRUBFE AR i i ARRC, ™
out put COUp'p%rssFB@ instead to controllably vary gain and/or attenuation
20 ("gain/attenuation”) in the top and bottom branches 381, 382. Again, for
example, the control signal 364 comprises voltages applied to materials
housed in the top and bottom branches 381, 382, only now whose
gain/attenuation change in response to the applied voltage. By varying the
amount of gain/attenuation, optical signals of generally different amplitude can
25  be coupled together in coupler 383 to provide controlled optical interference.
Control over one or more of refractive index and gain/attenuation in the
interference section 376 using the control signal 364 is possible according to
embodiments of the present invention. Control over other operating

characteristics of the interference section 376 may also be possible to the

30 same effect.



WO 2011/ 113150PCT/ CA2011/ 000291 - 24 - [0075] The Mzl 380 and coupler 383
can be .included in the interference section 376 of the nodul ated out put
coupl er 3802011118150 received into the MZI 380 from the iPOpIA2pOIVINOZ3T0
splits between the top and bottom branches 381, 382. Thus, part of the
power input to the MZI 380 is directed % 5 the top branch 381 and part of
the input power is directed to the bott ﬁfbranch 382. Power splitting may
be equal between the top branch 381 and bottom branch 382, though it can
al so be unequal as will be appreci ated. Moreover, the respective phase

shifts expe[domrged by Tapt teml brahonaBs1 t dne uighttdrhe btanchardg2beire ocolpladches
381, 382 are independently controllable using 10 the control sign 364.
For exanpl efespectvely teribedireand secaad dRpHt RAMS PEMHaP83 tE%rFSPPgeégi%l t ages

applied to 1 al ! . -
i ndi ces cha%tee?ﬂg'hasr@ns%%@ggpg[%i@?%'g%}?%%\?%%ﬁ é}&%s.gg%oné rol V{I%F@ﬁéed'\{ﬁ
SgFLI ]t Udet ﬁbe?é@!,aﬂﬁ@ ihmﬁer?ﬂ\¢eiggn tueedhaiwomioetm(ﬁmstrhetiwé,ftﬁ.tttalsm pagtallgal
en of each respective br 381, 382.and all f '

T5signal® ofSgkelig T o8 ed A ABIPRRLOY B SEata Bararigiernab rHERip! or

to provi : - ' i a '
cont 1ol | abl 3 oA G e e R A A e s,
382 to provi3de amat potondirdutoaE .03, a signakcathplementary to the optically interfered

P e e b b AT BB TSR oyt o
exanpl e, th oPeﬂgﬁgﬂngéggm' 0P 6SURIEd poR 379 RS auned kethd mromdteponl s

housed in the to ottom branches 381, 382, only now whose
gai n/ at 1@nud7icand eargky iretaireshoitbin the opticahpesanadon 322 a8y copfrolliggytheig t he

amount of gaip/atfenuation, . .opticgl signal f o W1y di :

anpl i t ude Cgﬁpejgn E@%ﬁﬁ e%“fcf&étiﬂ{ﬁm? e&ﬁB?e‘?'ﬂg@t@) %arug/\a?\litgﬁﬁ%t:l};n Ol | ed

optical intgphfR BiHR ofrBlih@ chavRitesiR) VetWBeR thé topfamt bortem brkmchesd

gain/attenuation in the interference section 376 using the control signal
n

364 is Eossi3BI1eB&Enmemm@ler&@rmureﬁéiﬂe§h©ﬂiffq4iéntp¢léﬁé eoyplingrRaediicienisnt r ol
over other operating,characteri iC ' 1 t4.QN ma
250 be pos S Bapiee 85BNk bl el SBhE SBIRLGRC FELE 180!
15  coupled port 372. Complementary through-coupling coefficients o(t) can also
be realized at the through-coupled port 374 for retaining laser light within the

optical resonator 322 to continue circulating.

[0078] Simple amplitude modulation can be achieved in the output
coupler 360' by biasing the MZ! 380 so that the modulated output signal 330
20 emitted from the output-coupled port 372 has an initially non-zero amplitude,
and so that the modulated output signal 330 is not significantly phase-shifted
upon modulation. The non-zero amplitude of the modulated output signal 330
can represent some fractional part of the internally circulating power in the
optical resonator 322. For chirp free modulation, the power from the input port
25 370 can be split equally between the top and bottom branches 381, 382, and
the top and bottom branches 381, 382 can be controlled by the control signal
364 to provide equal but opposite phase shifts, respectively, of 4% and -4t
applied to the bias point of the MZI 380. Thus, the top and bottom branches
381, 382 can act as phase-advance and phase-delay branches. This is
30 sometimes referred to as push-pull operation. Amplitude modulation can be

achieved by time-varying the size of the incremental phase-shift A6(t) around



- 25 - [0077] The top branch 381 and bottom branch 382 are coupl ed
respectively to the first and second input ports 384, 385 of the coupler
383, wherwDnosi/gaEbs transmtted through these branchesparaaaptivooedol y
interfered. In general, the interference can be destructive or
constructive, but also partially 5 desééuctive I f desired. As determ ned
by its scattering paraneters, the coupl€r "383 wll cross-couple the
optically interfered signal to the output-coupled port 372 and, according
to Eq. 3, a signal conplenmentary to the optically interfered signal to the

t hrough por the3bias psintof the Mzl 386! ¢Bérebgtthbe:rut§@l0éoudlérgmo will sélectivelpt
emtted fromthe output-coupled port 372 wi|l be routed to_the through port
10 374 and ERdt awye rast g dased iahitframdhenntcal resanaier 44233be ggptrolle
controlling.t L.if e | @h:eb ' r .alte L me hWffierenti al
gai n/att enum(ﬁ?%'ﬁ'ghgaﬁséﬁgéo%\'gr E@ggr%p I}%‘stéeng anc'%e%Pg%ééé) L%g%eﬂbt ﬁgét op

and bottom Bhagdd®sdat8lsigh8R. AltEmatiod! asimpis3 Aaplitu@el meelutatiendichhebent
out put -coupling coefficients KWrequired to generate the nodul ated out put

sihgnal h3’30 alpptlﬂ?fb t@u}f"!ﬁltmOdlﬂQtQﬁowt@d stanal 33D, eampalspehe apghieved, by
) : . ut . .
t b ough- coubPRASIERT GG clhe, Bospesfify R8RSR (of M fop, 2Rd botion

resonat or 3BPariches@81, 1382 atbunditias biag.pdiftf dheésMZI3B0anpl i t ude nodul ati on
can be achieved in the output coupler 360" by biasing the MZI 380 so that

t he modul at ggh7at put  Fognipletibntind effibl BFSK 0PrDIPEK ipUtHeu bu ek os@lepor t

372 has an initially non-zero anplitude, and so that the nodul ated out put
si gnal 330 360hdbe MZhB8O darbiasedpienzere Manseussipn o tbe AuiRythPuPiatk PABN- zer o

Sart of 18 5761 b FERF s S thBitieS RORE nd APpRERIF BREPA AN sebq5y' °F5,
chirp free gatbltaloupied poe ITRVessditivgnir Bebstaptidl retsritiodSofdae ightbeitisin i t

equal ly between the top and bottom branches 381, 382, and the E%P@%nd
bot t om br andheoptical reswmtend2 fordpiarna) Gisylation: hbe dek@ng batiog Branskes: o

provi de equal,,bu pposite.ph Wf .S, S Y k- RSl
applied to ?ﬁa b#%g | rﬁg 3 ?‘Z’ﬁ“ﬁ}EP %go.tﬁ%h%ﬁdtlhgilg%ﬁglpoéa%a IBO%)tugm%tl)Jr anches
381, 382 cagopfijurdtionhasphaskanifie ehdiphade-de] ayspuctivelyesabothithei zer80
sonetimes referred to as push-pul| operation. Anplitude nodul ati on can be
achi eved5by ttansmissioryi biast hpoist.zdt oshotld ibecr apprieciategh - JRef treyesse)
around VO ZC%% |él}r1a icl)gqggcl)_/s& eOéle<N0e P%Q%hich the top branch 381 can provide the

phase-delay and the bottom branch 382 the phase advance. As the MZI 380

is operated at a zero transmission bias point, modulation of the incremental

phase shift A6(t) around the bias point drives the MZI 380 through its

20 maximum extinction point, and thereby produces a controllable phase shift in

the output modulated signal 330 of either O or =, as required for BPSK or

DPSK.

[0080] To bias the output coupler 360" at the zero transmission bias

point, extra phase shifts can be applied to the =4 incremental phase-shifts,

25 depending on the specific implementation of the output coupler 360'. For
illustrative purposes only, it is assumed that the optical field splitter between
the input port 370 and the top and bottom branches 381, 382 is a y-junction. it
is assumed that the optical splitter provides equal power splitting between the
top and bottom branches 381, 382, and additionally imposes no phase shift

30 between light coupled to the top branch and the bottom branch. It is also

assumed for illustrative purposes only that the coupler 383 provides equal



- 26 - the bias point of the MZI 380. Thereby the output coupler 360 wll
selectively emt nore or less laser light fromthe optical resonator 322.
The cont rwbl2ed/iiBsnenent al phase-shift 6,0(t) represent CTarA20H/@0291 east
relatable to, the encoded data signal. Alternatively, sinple anplitude
nodul ation can be 5 applied to the nndggated out put signal 330, can also
be achi eved, by controllably varying th&'respective gain/attenuation of the
top and bottom branches 381, 382 around the bias point of the MzZl 380.
[ 0079] For inplenmenting either BPSK or DPSK in the output coupler 360", the
MZI 380 is krasesbdpiingzand tthenghi-cmiptingt of t bgticalit pawecowgride dadutitianally0 372.
0 een at

In oth ds, he bias poipt, i abl i cal i

out Ebt ?Eﬁﬂﬁfméoﬁé e 47ehasesin Prtyesn BiBugneraRer Sd frseolPled @it | gnt
ithint tical t 322 f ' [, Ci Aat | . and

bot t om br andRel Se,0rida e, i Ern e S A RinBlAKBRe i el BEMIS, 1

push-pul | cqpfiddntr at irput troroBeacthabiié tdupfedtfd- oalslit-gort 388sRawt likebige about

the zero 15transmni ssion bias point. It sﬁoul d be appreciated that the
reverse Tonbetween iiopui Hoso3SShlandasutpett| porit n3&hi dhet M aytputerUPliIBg1 can

provi de the _phase-del h ) h: a ieAs the
Vel 330 i o SPRTaDe 4eE et dnd bt BT RhE itagO e B3RE 3BUCREELis T,

i ncrement al cphpre ®hblifouPott) 387, cartd likdwisbi ketwpeh rihpalr pore 385hand/dut@a0
through its 20maxi mum extinction point, and thereby produces a controll able
phase shi ft Port 386. olhipueouringl & dwicalgrhia 33aBodirertional eowpler, Inydhis
required for r S Tacbi as (o] ' he
zero transm'lggﬁgﬁ/%icgggpﬁpﬁgg%ﬁ%sr gf p+has%é'£|%ief Jf"‘t’s‘%été’n%%ag‘?ﬁ %@g ?gﬁ?rﬁe v

i ncr emept al -SRiit i ReCH:LE Gy di i of the
out put - BuptEATas 38 L, 562 B (RRAAE; S0 darshi SRR L R MPOPTRIME M2t the
optical fieligerepyi idsaitingetrivestal phaseshifts pbriz328 and £heilt oespadtivedy.t om
branches 381, 382 is a y-junction. It is assunmed that the optical splitter

provi des equitidgpakese sphditibhsighbetmewant dafttbe tregultingl phase sinfhrhachein tBel,

382, and additionally inposes no phase shift 30between |jght coupled to the
top branch mthogaﬁ%@mhéﬁo is (congroliaklg ’\Wf’ﬁrthglqﬂgﬁ'tya‘ifi 5

purposes only. LAl hacaWpihodPih tReMzAgs0 eaual
15 [0081] When the output coupler 360' is thus configured for BPSK or
DPSK, taking into account the illustrative assumptions made of the output
coupler 360' above, it can be shown that the output-coupling and through-

coupling coefficients will have the form

Kk()=e™' sin(ézi’—), (4a)
0(t)= e/ cos(i‘z—"—)

20 which through satisfaction of Eq.3 are indeed complementary expressions. It
is noted that Eq. 4a assumes lossless operation of the output coupler 360'.
Accordingly, as will be appreciated, these expressions for k(t) and oft) may
only be approximate and not general expressions. Of course, the exact form
of Eq. 4a may differ for other configurations or assumptions made of the

25 output coupler 360"

[0082] Leveraging the comparatively large internally circulating field of
amplitude Ei,o in the optical resonator 322 permits a very small incremental
phase shift A6(t) to be implemented by the MZI 380 about its zero

transmission bias point. For example, it will often be sufficient for the output



WO 2011/ 113150PCT/ CA2011/ 000291 - 27 - cross-coupling and through-coupling
of -opti ecal power, and additionally inposes aphase shift between

t hr ough- cwopbadi1arsd cross-coupled light. As will be undecstaadii/obmiter m

t hr ough- coupl i ng descri bes the amount of |ight incident at input port 384
that is coupled to output port 386, and., kewi se 5 between input port 385
and output port 387. The termoutput-codpling sinmlarly describes the
anount of light incident at input port 384 that is coupled to output port
387, and |ikew se between input port 385 and output port 386. This coupling
is typical qlovwer3PgB taieqa iamalaboatpl-206 df rthe heisculatings poader ViR, 6 avkichphase
shifts of 477 1- can be agrghicgd to t{1e t.op and_bottom 10branches 381, 382
to set the 78AYres 3NASSs iQUY Folevt dgarasge The exaupsSsIoRdPkiie PERYH i ng
in total ph ' i ? taV i r these conditions, the
anount of t%gﬁpg%%{);éﬁlgfegﬁggécéﬂm{r:‘sggec?re ﬁhﬁbﬂlﬂé@ﬁ(@ out put nodul at ed si gnal
330 is controllable depending gn the polarity of the increnmental phase
shift AQ(t) in the MzIX ¢ 152 0081] When t H&bdut put coupler 360" is thus

configured for BPSK or DPSK, taking into account the illustrative
assunpt i 6ns usiitethef weh&nouwnpaproginmation Sbe sibeYenction foarm sigowertdat t he
out put - coupl.i ng and t hrough-coupling coefficients will have the form KO= e"

sin(--) a(t)is @bdeast.inpaitgye to the small incremental phase shifts capable of
providing BPSK or DPSK that the output modulated coupler 360' is able to

realize large efficiency gains over the external modulator 250. It will be

recalled that the external modulator 250 requires comparatively much larger

10 phase shifts (and thus also input drive amplitude) to achieve the same phase
inversion for BPSK with a comparable output amplitude. As compared to

modulators used in present optical communication systems, the powers

savings realized by the output coupler 360' can be as high as 2 or 3 orders of

magnitude.

15 [0083] Referring now to FIG. 8, illustrated therein according to
embodiments of the present invention is a modulated output coupler 360",
which is suitable for implementing a Quadrature Amplitude Modulation (QAM)
scheme. The output coupler 360" comprises first MZI 400, first coupler 401,
second MZ| 402, and second coupler 403. First and second couplers 401, 403

20 can be 3 dB couplers. The first MZI 400 is optically coupled at one end to the
input port 370 to receive circulating light into the output coupler 360". Top
branch 404 and bottom branch 405 of the first MZI 400 couple into respective
input ports of the first coupler 401. Likewise the first output port 406 and
second output port 407 of the first coupler 401 respectively couple into a top

25  branch 408 and bottom branch 409 of the second MZI 402. As with first MZI
400, the top and bottom branches 408, 409 couple into respective input ports
of the second coupler 403. Finally, as shown, the output-coupled port 372 of
the output coupler 360" is coupled to the first output port 410 of the second
coupler 403, while the through port 374 is coupled to the second output port

30 411. The terms "top branch” and "bottom branch” are again used for

convenient reference to FIG. 8 only. As with FIG. 7, one or both of the first



20 whi ch through satisfaction of Eq.3 are indeed conpl enmentary expressions.
It.is noted that Eq. 4a assunes | ossl ess operation of the output coupler
360' . Acowodnnigiigisoas Wil | be appreciated, these expresecoma2baroosdon) and
o(t) may only be approxi mate and not general expressions. O course, the
exact formof Eq. 4a may differ for ot hg configurations or assunptions
made of the 25out put coupler 360'. [008 ?Leveragi ng the conparatively | arge
internally circulating field of anplitude E1n,0 in the optical resonator
322 permts a very small increnmental phase shift AQ(t) to be inplenmented by
the MZI 380aa8@etohd $otpleds ¥0AN40B $andse hidiectionalt coupler, examps-awitchedi | |
often be sufficient for the output WO 2011/ 113150PCT/ CA20 {)0002 - 28 -
power Pout fOURIGHaR m%‘l'W@%d@teﬂe@%Qﬁ coyRlen; Ic8PRE; Ageh IBoCOUREh
requires a f X

out put - coupi T ag Rt ofiizle, 400,202 381 €BRpiei 30F ﬁ%ﬁ"‘?.‘%&'fﬁ%@‘@e

- A20( 4b) Suséctipri BE6 welconfigurableafupraprlyiag i@AMoto theemedulatédiootpubrsigral snal |

argunments. It is at least in part due to the small increnental phase shifts
capabl e ®f BPBvi di ng BPSK or DPSK that the output modul ated coupl er 360" is
able to realize large efficiency gains over the external at or g It
will be reci08Q thatlIn Hblseﬁ@féflgwaﬂ(?ﬁ)dlﬁltaﬁo@u@yb qoé*ﬁlﬁ"r%@cciﬁﬁ 1R A0

much | arger ase t i I

achi eve thebgéﬂgpgﬁ%&c@ 'n ehé q@& %HHB%Q%B M??g %dgfﬁpg%b e %(?ﬂ{gﬁl)abté)

anpl i tude. AsrotgAPsYOREr t tc@ldnwtwnabmﬂse us@trol Bigat 364, toppiovide cespactiveat i on
systens, the powers savings realized by the output cougL&ﬁqgnanécg abe as

hi gh as 2 ophaseshiissthat apalyRANUE. thesnodwaiateeiprt Rign

illustrated therein according to enbodi nents of the presentginventi on is a
modul at @ otheitstddZbUep isemntroliablento pravide amphaseoadyansee mentin fge 40p
Quadr ature Anplitude Modul ati on (QAM schene. The out put coupl er 360"

ature ™ ,
coupl er 4030 LE04 L2 eBhToRT HRadagy - 46 3R Bs YelloDEreg ACETTRRC,

The first MZI 400 is optically coupl ed at one end to the input paps 370 to
recei ve cirsecand AZI #9A s isinaitariheortinllable & pEr\dde ssphaseragVansca 404 and
bott om branch 405 of the first I\/ZI 400 couple into respectl ve input ports

Of e 11 St QPbRInctOnn LKPAIAS Mo biaS QHPULI0G tnd Benantbapend

out put port respect’i vely couple into a top
409. By proper time-variation of the incremental in-phase and quadrature

15 phase shifts A6|(t) and ABq(t), respectively, the modulated optical signal 330
emitted from the output-coupled port 372 will comprise both in-phase and
quadrature modulated signal components as required in QAM. A signal
complementary to the modulated output signal 330 will be directed to the
through port 374 for internal circulation within the optical resonator 322, as

20 seen before.

[0085] As will be appreciated, QAM (either analog or digital) imparts
information (in the form of a transmission data signal) onto both the amplitude
and phase of the modulated optical signal 330, implying that the modulated
output signal 330 should have arbitrary and controllable magnitude and
25 phase. This condition is met in the output coupler 360" when two optical
signals of different amplitudes are provided to the second MZI 402, wherein
they are subjected to a differential phase shift and then coupled to the output-
coupled port 372; the combination of the first MZI 400 and the first coupler

401 can be configured to generate the necessary different amplitude optical



25 branch 408 and bottom branch 409 of the second MZI 402. As with first

Mzl 400, the top and bottom branches 408, 409 couple into respective input
ports of wbeoseasrsd coupl er 403. Finally, as shown, thepromqazdticoeplied port
372 of the output coupler 360" is coupled to the first output port 410 of

t he second coupler 403, while the throu ﬁ port 374 is coupled to the second
out put port 30 411. The terns "top brahg ™ and "bottom branch" are again
used for convenient reference to FIG 8 only. As with FIG 7, one or both
of the first WD 2011/113150PCT/ CA2011/000291 - 29 - and second couplers

401, 403 cagighalsa Mibreesgdcifitally ctheftbprbrarctc 404 és sontralleedthcougli e, cantrol
mul ti-node interference coupler, or sone other suitabl,e coupler. The
ar r angenent sighah@64 tapoovide areingreraeniak phasmadvance ph —#héNfP'Fﬂ@lef@tgﬂﬁe

section 376 is configurable fo | yi Mto,th dul [
233?. [ 8084Praﬂqfh11%5 ioReNtERiles fooprayide Q%Ogéﬁﬁaﬁd'ESﬁB%FTl‘J%'gtBE&“%%B%}SSgggal
ott om branchess) 1 , i ,
tE;oughhép][ ?Bgr;]_c?a'nh‘?gsf%eoh?g@%ﬁ“ﬁ@%ﬁ@%??gﬁﬁ A?é%%téﬁ’ﬁﬁg?%\%%gblrﬂgg th ive
phase s t@%@ﬁ %Wot gggég i .

particul ar, ?%ﬁ 0;%% t hgh [ rstg(l\;/EIQEMO i Srﬁtggﬁ% (r‘??lj Pg{t)‘l)lgl ?gﬂ%r%d4ed7gthat
phase- advanceuglei thetsegond Vil 402 Eire howttal, sigmal 384cmereqysr sophalsethgdpay -in
the bottom branch 405. The second MZI 402 is simlarly gontrollable to
provi de a phearchadQ8ite $rovide aminsrgpentah@hase-agvaned °i08% %%th&a‘e?}mfngate

phase delay --f- in the bottom branch B
branch 405 to provide a corresponding incremental phase-delay of -—*.

Thus, both the first MZI 400 and second MZI 402 can be operated in push-pull
10 configuration as well. The signal directed by the second coupler 403 to the
output-coupled port 372, i.e. the modulated output signal 330, is then a
summation of the two different amplitude signals generated by the first
coupler 401 and phase-shifted in the second MZI 402. To bias the output
coupler 360" for a small output-coupling coefficient «(t) relative to the
15  internally circulating field Eino, as is desirable for high Q or high finesse optical

- . 6, -
resonators, extra phase shifts are applied to the =~ and + 22 incremental

phase-shifts, which depend on the specific implementation of the output

coupler 360"

[0086] It is evident that the configuration of the modulated output
20 coupler 360" shown in FIG. 8 will generate both an in-phase and quadrature
component in the modulated output signal 330 as required for QAM. Again for
illustrative purposes only, it is assumed that the optical field splitter between
the input port 370 and the top and bottom branches 404, 405 provides equal
power splitting between the top and bottom branches 404, 405, and
25 additionally imposes no phase shift between light coupled to the top branch
404 and the bottom branch 405, which is typical of an appropriately designed
y-junction. It is assumed for illustrative purposes only that each of the
couplers 401, 403 provide cross-coupling and through-coupling, as described
above, which again is typical of 3-dB directional couplers. In this illustrative

30 case, to bias the output coupler 360" for a small output-coupling coefficient



409. By proper tine-variation of the increnental in-phase and quadrature
15. phase shifts AO (t) and AOQ(t), respectively, the nodul ated opti cal

si gnal 33®oenittiehof rom t he out put - coupl ed port 372 wi | lpCTamzoiigeodot h

I n- phase and quadrat ure nodul ated signal conponents as required in QAM A
signal conpl enentary to the nodul at ed ogi‘put signal 330 will be directed to
the through port 374 for internal circufation within the optical resonator
322, as 20 seen before. [0085]As will be appreciated, QAM (either anal og or
digital) inparts information (in the formof a transm ssion data signal)
onto both thg),aémﬂd phsk: siiets Rifase &n b@gpﬁm@wlt@tresit?oam@bttahgbmncaae,

I npl yi ng that the nodul at ed out put signal 330 should have arbitrary and
control | abl goaBg05 ! repedtivkly AogBthes avithT Bkisa phadetshifts b smetappliet te that put
coupl er 360" when two optical signals of different anplitudes are provided
to the secotsp BRH B&fomwvivanehes 1408y 40% Fhibjwett tredult dn aotil firarsershifis gfhase
shift and then coupled to tpe out put-cAgupI ed port 372; the conbination of
the first Mzliz 408 andJt e+ Hr,sandouplet- 40 ttheabrabehes mlidgA0sd 408, fler at e

t he necessary di ff er ent anplitude optical WD 2011/113150PCT/ CA2011/000291
- 30 - shgneespechively. specifically, the top branch 404 is controlled through
the control signal 364 to provide an increnental phase-advance of, while

t he bottom [BG8TGh 405Usingimrphade add tquapratuieleomtralmsigralp dvtdi)nand nbe@hent al
phase-del ay of. The size of the increnental phase shift A0l determ.nes the

splitting 5resnestivelywieeontrd thedrsdiansesecondMéls 480 andidt2. $e padyrleds 406,
407 that t . 0 : ]
cont ros 1 nEUHRS RRpRACEE L beDShoui G0 HHER bt Bbupith SR ARKSIGn.

--the bott ogbupling coefficients given by

K(t) _ e sin( AB,(:)+A6Q(z)) + je i sin( AH,([)—ABQ(t))

V2 2 V2 2
10 O'(t) _ 35_214 COS( A@,(t);—ABQ(t)) _ jej;_m COS( AB,(t)—zABQ(t)), (5a)

where again k(t) represents the coefficient of output-coupling, o(t) represents
the coefficient of through-coupling, and from Eq.3, x(t) is complementary to
o(t). For small angles A6(t) and Afq(t), again the expression for the output-

coupling coefficient k(t) can be simplified to

15 , (5b)

AQQ(I) -ABI ([)
[)= +
k()-——+ /=
which is perhaps a more useful form. It is apparent from Eq. 5b that variation
of A6(t) and ABq(t) allows for arbitrary and controllable modulation of the real
and imaginary components of k(t), in turn enabling arbitrary and controllable

modulation of amplitude and phase in the modulated output signal 330.

20 [0088] Reference is now made to FIG. 9, which is a schematic diagram
illustrating an alternative embodiment of the coupler modulated laser 320
shown in FIG. 5 that is wavelength tunable. The coupler modulated laser 420
comprises optical resonator 422 implemented with the output coupler 360’ of
FIG. 7, although it should be appreciated that the output coupler of 360" of

25 FIG. 8 could be included instead. Gain medium 425 is housed inside the

optical resonator 422 and supplied with excitation energy from a suitable



branch 405 to provide a corresponding increnental phase-delay of - Thus,
both the first MZI 400 and second MZI 402 can be operated in push-pull 10
confi gur avpaniia3isel | . The signal directed by the secon#Ctamazbavodd®3d to t he
out put - coupl ed port 372, i.e. the nodul ated output signal 330, is then a
summation of the two different anplitudg,signals generated by the first
coupl er 401 and phase-shifted in the sé@%ﬁd MZI 402. To bias the output
coupl er 360" for a small output-coupling coefficient x(t) relative to the
15internally circulating field Ein,o, as is desirable for high Q or high

finesse opt paalp r(ﬁ@to%hb@mz Téwt caupleasmodblatéd laser @20l iferthero comprises
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between |ight cou e top ‘branch 404 and the bottom branch 405,
which is typesmiatam‘ 42, Appordpngl;a,téieywcaesle@gﬁdof/iﬁ]@nﬁt)d@ﬁted putpyt signated f or

[
cr 055 Coup! A8 DS L ICaRsPEr, ShAUd S aPPisIrted (0l e Wl e Rath 8,
typical of gdRdHuigel Qiglt SigHal 850 cahnddpiing o lotsér gihysieal Fepetiestal bi as

t he out put coupler 360" for a“small output-coupling coefficient, WO
2011/ 113050 RET bpicd Ies00ae0 422 a§1we|| rqncf thas e desmef Hming possible-mayn pe

applied to d ,bottom e 0

with extra bﬁgg‘é'?gq]ﬁ:? rdarger VﬁBE C? }Pw[ a?‘%gng@p%aer{ @om bra,r?gtﬁgggé{g
409. This W'tébdfd%?@fthelf'wtsetrebommﬁem@bbtléaloés@mtor421 22 22 42- At in
t he branches 404, 405, 408, 40

[0089] Reference is now made to FIG. 10, which is a schematic
diagram illustrating a standing wave laser incorporating a modulated output

15  coupler in accordance with embodiments of the present invention. The
coupler modulated laser 520 comprises the output coupler 360' included in
the optical resonator 522. Again it should be appreciated that the output
coupler 360" could be included instead. A first reflector 521, which can be a
distributed feedback (DFB) grating or a Bragg reflector, for example, is

20 optically coupled to the input port 370 of the output coupler 360'. Also a
second reflector 523 is optically coupled to the through port 374 of the output
coupler 360’. One or both of reflectors 521, 523 can be tunable with a tunable
reflection spectrum. As before, gain medium 525 can be housed within the
optical resonator 522, which defines a confinement path for the light

25  circulating therein. Alternatively, as illustrated for example in FIG. 11, the gain
medium 525 can be housed in one or both of the reflectors 521,523.

[0090] Internal laser light incident on the first reflector 521 will be
reflected back into the input port 370 through the gain medium 525, just as
laser light incident on the second reflector 523 will be reflected back into the
30 output coupler 360" If good isolation is achieved between the output-coupled
port 372 and the through port 374, only a negligible amount of light entering



"42 5respectively. [0087] Usi ng in-phase and quadrature control signals
AOL(t) and AOQ(t), respectively, to control the first and second MZls 400
and 402, wbeommdsisat ed output coupler 360" can be shownPCw/chiewe291

out put - coupl i ng and t hrough-coupling coefficients given by jei" (AOQ 2
(t)- AO (2 (t)) K(t)= e AO (0+ AO c,(O)3 4-1/4 sin( +sin( 10isr(4)
(6,01(t)+A0Q0)jefl 0o4(AO, (t)- AOQ (0'),%5a) - C0s4-2- COS(2 where again
K(t) represents the coefficient of output-coupling, o(t) represents the
coefficient of through-coupling, and fromEq.3, K(t) is conplenentary to
o(t). For st thraogheport, 374 Will dred dke6ted) to algauoutpummqie@smrbrswzoandhe

210 50y wiGAicRt Historiges i s moasiates Rl 0T AYORPETRE. sb
that variat ig?é‘?rﬂ& o‘*%%tc?ircgml QSkdp i yﬁt'ﬁ%é @l"reééa'thfo%fg}‘\ RNeCAPUT Pt abI e

nmodul ati on rea g| nary” conponents of K(t), in turn enabling
arbitrary agd0odthe oltpabceupiedd6at thareby ceegtingtaustanding waes pattern indhe

whi oh i Eé’a"éte Reaaeranaion s2anT AP Bherats Ro | anaconrist PUBRBRaTtalr " ¢ ne
coupl er H} 2 eg |e«’h§ﬁ{ oPfIE FoRMKted obitdat sTgﬁeh@BOI 5y wHEEiRNgh intoumatife. The

coupl er er 420 conprises optical resonator 422 inplenented
with the ou'optlcalcfeaﬂbmk #ethe optical gesgnatar HRdudhei modulatad OHH’nUgr?ﬁPB@rat ed

t hat the ou
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[009ﬁ rII-%eE%erence Is now made to FIG. 11, which is a schematic
10  diagram illustrating an alternative embodiment of the coupler modulated laser
520 shown in FIG. 10. The coupler modulated laser 620 comprises output
coupler 360" included in optical resonator 622. The output coupler 360" is
similar to the output coupler 360' but includes a corresponding input port for
each of the top branch 381 and bottom branch 382. A first reflector 621 (e.g. a
15 DFB grating or Bragg reflector) is optically coupled to the top branch input
port. A second reflector 623 is optically coupled to a through port of the output
coupler 360™. A third reflector 625 is also optically coupled to the bottom
branch input port. One or more of the reflectors 621, 623, 625 can be tunable
with a tunable reflection spectrum. The output coupler 360" and the reflectors
20 621, 623 and 625 can all be formed in the optical resonator 622. As
illustrated, the gain medium for the optical resonator 622 is housed in the
reflector 625, but could alternatively be housed in any or all of the reflectors
621, 623, 625. Again with good isolation between the through port and output-
coupled ports of the output coupler 360™, reflections in the reflectors 621,
25 623, 625 create a standing wave pattern in the optical resonator 622.
Controlling the output coupler 360™ using the control signal 364 will therefore

generate the modulated optical signal 330, substantially as described herein.

[0092] Reference is now made to FIG. 12, which is a schematic
diagram illustrating an alternative embodiment of the coupler modulated laser
30 420 shown in FIG. 9 in which the output coupler includes a directional coupler.

The coupler modulated laser 720 comprises optical resonator 722



WO 2011/ 113150PCT/ CA2011/ 000291 - 32 - punp (not shown). The coupler

nodul ated | aser 420 further conprises wavel ength tuning section 429

i ncl uded wo 2otietipesvh of the laser light circulating intecmalA2givioodein the
optical resonator 422. In response to a wavel ength tuning control signal
provided by a wavel ength controller (no% shown), the 5 wavel ength tuning
section 429 selectively adjusts a refra ?Fve I ndex of the optical resonator
422, thereby altering the resonant wavel engths of the optical resonator
422. Accordingly, the wavel ength of the nodul ated out put signal 330 can be
tuned. O canplemeritéd $mthis dabe using adirattohal ltauptand’ 6fa ve lperliads afcredse

dul at ed t put si | 330 d i i
Uhe ot | cal SHESH RLBIEramsiars Gp ICOMBIPIIL A EHRET A AMPRYTD 28! b o
may be Iim E&Hgﬁjg&i il e VpfikAtleebRaton 702Vial BYdtn dihpeediRitatingt ligry be

necessary to adjust or otherw se reconfigure the optical resonator_422.
[ 0089] Ref er andds isspplied withesxcitatidrGenegy frbinch suidatde semaprénoteshoveyr dhe

Lo . . | .
coupter on Selerlencaite ¢ 2 dniB hehBeS ptbRe! BrudefB Dl s iRriaet®
coupl er modylifisets bRSShGAARY GOMRE BSEPof e SHAUMNInG 4RI AEhBEY appiaudad i n

the optical resonator 522. Again it should be appreciated that the output
coupl er 360bf teutantbal signdl 36ddoithe diradtional corpler 760) lasebtighirculgingincan be

a distributed feedback B) atin Br . s i

20 opt | cal | 7 GRIFRdEsNBIRE T2t Cdr e SaARE s i Areelidal ESRERT ™ o S
a second refgpCtygher@ds thfoudpt inseddlaticiowi! @ toatdliecouplendtemottie dttpudf t he
out put coupler 360°. One or both of reflectors 521, 523 can be tunable with

a tunabf@ r eblpledi light sxide the gireptionsicorpler J80rasthe Medulated grticRl sighRled
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FIG 11, thegilate®@ sipblBoapler Feohassetinparedrte the dmitivl sigriahaisedftoect or s
521, 523. [0090] I nternal [aser |ng]ht I nci dent on the first ef|6(];t or. 521

wi |l be ref Ineeduategzapuheatrierc3etipathasyise BEURFERIPIehER Y 5M 'HRGCOm 525,
just as 'asﬁ?@bg@@%%g&&ﬁ ﬁ%ggdiﬁﬁ?ﬁggffh%fiw tRin @estritie|hepgin! ef | ect ed

Pﬁgkoiu?t ot'E oLtput cggg erGI ood isolation is achieved between
anount Eg I ﬁ@ﬁ%lent gr iéﬁer%%gﬁtf%%gﬁégé%l Bl /738,8%|1¥s 6%3%% ehfit! ©
diagram illustrating an alternative embodiment of the coupler modulated laser
520 shown in FIG. 10 that includes a directional coupler. The coupler
modulated laser 820 comprises directional coupler 760 instead of a
combination MZI-3dB coupler. A first reflector 821 (again e.g. a DFB grating
20 or Bragg reflector) is optically coupled to a second reflector 823. Reflectors
821, 823 can again be tunable with a wavelength tunable reflection spectrum.
The first reflector 821 and second reflector 823 can provide terminal reflection
points for the optical resonator 822 in which gain medium 825 is again housed
in a waveguide defined therein and supplied with excitation energy. As before,
25  the reflectors 821, 823 can be wavelength tunable and can house the gain
medium 825. Light circulating in the optical resonator 822 will form a standing
wave pattern between the two reflectors 821, 823, some of which is
controllably coupled into the directional coupler 760. Again the control signal
364 can be applied to control an operating characteristic of the directional
30 coupler 760, such as its refractive index, to selectively couple light energy. As
the directional coupler 760 is a 4-port device, if desired, modulated output

signal 330' can be emitted from one end of the directional coupler 760, while a



the through port 374 will be directed to the output-coupled port 372 and
significant distortions in the nodul ated output signal 330 will be avoi ded.
The maj orwOyRonfi118tse circul ating laser light will be directradh2ohtivooexyh to the
i nput port 370 of the output coupler 360", thereby creating a standing wave
pattern in the 5 optical resonator 5223 The reflectors 521, 523 can al so
be tunable to control the wavel ength of ?ﬁe nodul at ed out put signal 330 by
affecting an anount of optical feedback in the optical resonator 522. The
nodul at ed out put coupler 360" in the |aser 520 can otherw se function as
descri bed heeebrid nidNdtbBedighat 830" i canniogvenmitied thonfrla@ ofdositeherd theveaf.
schematic 10 diagramillustrating an alternat
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Ot her wi se t a hRRdSHERL A bbpbsite 8BAEAREIERY t O

enbodi ment SI&;%FBIIEQHM%I#:&I %‘ﬁ”éggﬁé}’i gaeﬁd.é%g%dgiﬁ%j 15 [%B_SE?Relf erence i S now
made t 026! GAlis3nativelyhonly canesatitpotican be provided. Otherwise the output coupler

760 can function substantially according to embodiments of the invention

described herein.

[0095] While the above description provides examples and specific
details of various embodiments, it will be appreciated that some features
30 and/or functions of the described embodiments admit to modification without

departing from the scope of the described embodiments. For example, the



diagramillustrating an alternative enbodi mrent of the coupler nodul ated

| aser 520 shown in FIG 10 that includes a directional coupler. The coupler
nodul at edwbaser11830 conpri ses directional coupler 760 i mrstraadonfoosest

conbi nati on MZI-3dB coupler. Afirst reflector 821 (again e.g. a DFB
grating 20 or Bragg reflector) is optigﬁlly coupled to a second reflector
823. Reflectors 821, 823 can again be tdnable with a wavel ength tunabl e
reflection spectrum The first reflector 821 and second refl ector 823 can
provide termnal reflection points for the optical resonator 822 in which
gai n medi umfRfuldtedagapit Bousied can tve wakellel fbe afefratierd witherreing diffdrestppl i ed
with excitation energy. As before, 25 the reflectors 821, 823 can be

wavel engt h conBiguretions) of saseisutie detailpsi desastptiom Gembedimants inresgriedng i n
the optical .t t. i . S J t the two
reflectors Q‘i%ﬁRgng{es” g%é tc;\g:‘ bl\?\ﬂ!‘@%@t@ecéﬁﬁ%oWgﬁﬁgﬁ’cgﬁo%ggﬁ? E)?owﬁﬁg s

di rectional ligwteglonly Bpthe Raguage log tieoolaims appgnddd Béretcan be applied to
control an operating characteristic of the directional 30 coupler 760,
such as gts refractive index, to selectively couple |light energy. As the
directional coupler 760 is a 4-port device, if desired, nodul ated out put
signal 330" can be emtted fromone end of the directional coupler 760,
while a WD 2011/ 113150PCT/ CA2011/ 000291 - 35 - second nodul ated signa

330" can be emtted froman opposite end thereof. Alternatively, only one
nodul at ed out put signal can be generated. Ot herw se the output coupler 760
can function substantially accordingly to enbodi nents of the invention
descri bed herein. 5 [0094] Reference is now nmade to FIG 14, which is a
schematic diagramillustrating an alternative enbodi nent of the coupler
nodul ated | aser 520 shown in FIG 10 that includes a directional coupler
and in which the gain nediumis housed in a reflector or wavegui de. The
coupl er nodul ated | aser 920 conprises the directional coupler 760 instead
of a conbination MZI-3dB 10 coupler. Afirst reflector 921 (e.g. a DFB
grating) is optically coupled to a second reflector 925. The gain nmediumis
illustrated as being housed in the reflector 925, though it could be housed
in a wavegui de defined in the optical resonator 922 instead. The first
reflector 921 and second reflector 925 can provide termnal reflection
points for the optical resonator 922, as well as 15 wavelength tuning for
t he nodul at ed out put signal 330. Light circulating in the optical resonator
922 will forma standing wave pattern between the two reflectors 921, 932.
By locating the directional coupler 760 in close proximty to the second
reflector 925, and in response to application of a suitable control signal
364, sone of the light reflected in the reflector 925 can be 20
controllably coupled into the directional coupler 760. Again the control
signal 364 can be applied to control an operating characteristic of the
directional coupler 760, such as its refractive index. Again if desired,
nodul at ed out put signal 330" can be emtted fromone end of the directional
coupler 760, while a second nodul ated signal 330" can be emtted from an
opposite end thereof. 25 Alternatively, only one output can be provided.

O herwi se the output coupler 760 can function substantially according to
enbodi nents of the invention described herein. [0095]Wile the above
description provides exanples and specific details of various

enbodi ments, it will be appreciated that sone features 30and/or functions
of the described enbodi ments admt to nodification wthout departing from
the scope of the described enbodi nents. For exanple, the



- 36 - nodul ated output coupler can be suitable for operation with many
different configurations of |asers. The detail ed description of enbodi nents
present edwbenaim3iss i ntended to be illustrative of the iPovam20amoohe scope
of which is |limted only by the | anguage of the clainms appended hereto. WD
2011/ 113150PCT/ CA2011/ 000291 - 37 - CLA gB: 1. A nodul ated | aser
conprising: an optical resonator for Ifé t to circulate within; a
gai n nmedi um housed within the optical resonator in the path of the
5circulating light; a punp for delivering excitation energy to the gain

medi um abov€laAIMSser threshold of the optical resonator to bring the
circulating light into coherent oscillation; and an output coupler included

in the optical resongtor in the path of the 10 circulating light, the
out put coupﬁer rgsfﬂs'&ﬁgf)%d P%eéceg\w?@lg' signal to selectively allow a
fraction of the circulating light to exit the optical resonator as a

modul at ed opti calnsdieal resoRatofi6r gt s cREulteaivthih; Wherein the out put
coupl er conprises an input port to receive the circulating light into the

out put coupl er, an output-coupled 15port to emt the nodul ated optical
signal, and a th@ogain rp@dw%cbwsewfmm yhe optigal msopatardbupearptiafitheo
retain upemtted iri @?h @'il' F{n the optical resonator. 3. The laser of claim
2, wheretn the o B ¢ dé er further conprises an interference section
provi di ng optical coupling between the input port and each of the

out put - coupl ed par pumpdfor rieliveriog @xcitatidn enbry to hd gaem oediwot alwove28havi ng

an operating characteristic that is, controll abl he . . Sl
P g laser threshold ovh t%e optica resona{or toebr%t eecw(%:% attlrn(g?;I Ilg?mlt %r{gl to

coherent oscillation; and

an output coupler included in the optical resonator in the path of the
10 circulating light, the output coupler responsive to a control signal to
selectively allow a fraction of the circulating light to exit the optical

resonator as a modulated optical signal.

2. The laser of claim 1, wherein the output coupler comprises an input
port to receive the circulating light into the output coupler, an output-coupled
15  port to emit the modulated optical signal, and a through port complementary

to the output-coupled port to retain unemitted light within the optical resonator.

3. The laser of claim 2, wherein the output coupler further comprises an
interference section providing optical coupling between the input port and
each of the output-coupled port and the through port, the interference section
20 having an operating characteristic that is controllable by the control signal to

provide selective optical interference in the interference section.

4. The laser of claim 3, wherein the operating characteristic of the
interference section is controllable to generate the modulated optical signal at
the output-coupled port and an optical signal complementary to the modulated

25 optical signal at the through port.

5. The laser of claim 4, wherein the operating characteristic of the

interference section is one of a refractive index and gain/attenuation.



provi de selective optical interference in the interference section. 4. The
| aser of claim 3, wherein the operating characteristic of the interference
section iwocontmnsishabl e to generate the nodul at ed opti cacTaignalooedoit he

out put - coupl ed port and an optical signal conplenentary to the nodul ated
250ptical signal at the through port. 2011/ 113150PCT/ CA2011/ 000291 - 38
- 6. The laser of claimb5, wherein the Pntferference section of the out put
coupler is forned integrally with the optical resonator. 7. The |aser of
claim1l1, wherein the output coupler conprises at |east one Mach-Zehnder

I nterferoneger (WWRE)laseB.of vhaihASewtdreinl theminterfedencei sedtiva ofutheuoutputpl er
conprises at |east one of a directional coupler, a nmulti-node interference
coupl er, a ®evRiglisfermeddntesrAllmiiiia ertical resoBAlR)g refl ector and a

resonator, and wherein one of a refractive index and gain/attenuation of

the out put goupl gf el Iés&'od'ftcfi%H @bévﬁ Rin iﬂ'teoﬁl‘bm E:Qupléf Gﬁﬁhlpnﬁé‘s deRRAbAet he

nodul at ed optical signal aser of claim1, wherein the output
coupler is I\,mmehelnndertlnteﬂeeometarr(MZDm gnal to modul ate at |east one of
anpl i tude and phase in the nodul at ed optical signal. 10. The laser of

Sl es Bt Beast ThRAeSH el vk HERABLT efpb” chOPrSes ot BaskpHes, 4
Quadrature @Qppy 'duﬁééﬁowadebaﬁlbpna(%mmwlnméﬁ@fer@@hewpnep hh@avoeguibiet ed

optical signal. | aser of claim1l, wherein the output coupler and
punp are jo;undtlpncamt Sl@ilﬂe&ba@rﬂgg deftenipl and awmenatqroﬁnd é‘ﬂ]@éﬁ'@é’r@“ ot fe

it or act i on A erBOEE AT BRI e R A0S 4108 Db Sogdi . PR oiBpre by

i nheriting ghepantraltdighnlte gensrRe tie tﬂaﬁume@@pncam@ml 12. The | aser of
claim1, wherein the output coupler and purrp are jointly controllable to

mai ntain a power |level of the circulatin ht W thin an ogerabl hange
around #0selfect edheslasaupf staimeT pwherein ég%lou put coupler is responsive to t

control signal to modulate at least one of amplitude and phase in the

modulated optical signal.

10. The laser of claim 9, wherein the output coupler is responsive to the
control signal applies at least one of an amplitude, a Phase-Shift Keying
15  (PSK), and a Quadrature Amplitude Modulation (QAM) modulation scheme to

the modulated optical signal.

11.  The laser of claim 1, wherein the output coupler and pump are jointly
controllable to decouple a modulation response of the laser from an intrinsic
response of the circulating light due to interaction with the gain medium, the
20 laser thereby substantially inheriting a modulation response of the output

coupler.

12.  The laser of claim 1, wherein the output coupler and pump are jointly
controllable to maintain a power level of the circulating light within an operable

range around a selected, steady-state power level.

25 13. The laser of claim 1, wherein the output coupler is controllable at a
modulation rate selected to exceed a relaxation resonance frequency of the

laser.



2513. The | aser of claim1l, wherein the output coupler is controllable at a
nodul ation rate selected to exceed a rel axati on resonance frequency of the
| aser. WO020lv1368150PCT/ CA2011/ 000291 - 39 - 14. ThePcasazonfooedoai m 1,
wherein the output coupler is controllable to provide anplitude changes in
a coefficient of output-coupling. 15. g?e | aser of claim1, wherein the
punp is configured to deliver dc excitatfon energy to the gain nedium

516. The | aser of claim1l, wherein the nodul ated output signal is free of
chirp or has controllable chirp. 17. The laser of claim1, further
conprising au, | egse RRer wivebhiengt hwheréimngheeottpah douplardisdcomtrollabledoi cal
resonator in the path of the circulating | igfht, t he vel ength tuning
section sel BEQVIR PPt desehanges 'P@f?%ﬁ‘?'@@‘?rﬂi’éwbﬁ‘oﬁf‘gcal 10 feedback of
the optical resonator to control a wavel ength of the nodul ated optical

signal . 1845The haseiseplorciahini wibieiiPiite [difnO R IconfighiRep RaldRiiveormr | ses
a ring structure having opposite ends optically coupled with the input and

t hr ough por egcitdtianhenargy poithegaiplreediutrhe ring structure and out put coupl er
defining a 15ring resonator for the circulating light. 19. The |aser of

claim 2, _wherein_the optical .resonator. further ri fle r

opti cal I@ cg§pl eaﬁ"?olaég'&ﬁ?&ﬂa'%i i\'\ﬁﬁﬁ?'np@ﬁ %§HH@%§&&£9@§E¢S ﬁ%‘g o(;ut put
coupl er, thenrgidrpakontrelgsikidhgpa standing wave pattern for the
circulating li1ght. 2020. The | aser of claim11l, wherein the output coupler is

formed nonolithically within the optical resonator on a sem conductor die.
21. The | asdf. of Thedrserof qlaien di furthes compyising gli[siast ong wanelgpaip dyning

het er Ogeneo%%'cl}(om&cmdﬂéot i}ﬁethgpc;dtfégl rdsBnafRtiRthe path of the circulating light, the

wavelength tuning section selectively adjusting a refractive index or optical
10 feedback of the optical resonator to control a wavelength of the modulated

optical signal.

18. The laser of claim 2, wherein the optical resonator comprises a ring
structure having opposite ends optically coupled with the input and through
ports of the output coupler, the ring structure and output coupler defining a

15  ring resonator for the circulating light.

19.  The laser of claim 2, wherein the optical resonator further comprises a
reflector optically coupled to each of the input port and through port of the
output coupler, the reflectors creating a standing wave pattern for the

circulating light.

20 20. The laser of claim 1, wherein the output coupler is formed

monolithically within the optical resonator on a semiconductor die.

21. The laser of claim 1, wherein the output coupler is integrated

heterogeneously within the optical resonator.

22 The laser of claim 1, wherein the optical resonator is a high-finesse,

25  micron or millimeter scale resonator.



22. The laser of claim1, wherein the optical resonator is a high-finesse,
25m cron or mllimeter scale resonator. WD 2011/113150PCT/ CA2011/000291
-40 - 23woAometibsd of nodul ating a |aser conprising anpoptdAzall/mesonat or
for light to circulate within and a gain nmedi um housed within the optical
resonator in the path of the circulatin 0Ilght t he met hod conpri si ng:
delivering excitation energy to the galg medi um above a | aser threshold 5of
the optical resonator to bring the circulating light into coherent
oscillation; providing an output coupler in the optical resonator in the

path of the2gircimethug ofirpbtiulating a laset @omprising aa apmarmlsos'agmébr ﬁgh‘t the
out put coupl er, the output coupler 10res% nsive tqQ t

?g!sgﬁ;![ \(;rel y tacireviate Mtfam Aad aogamh@eéltm Oét'fsﬁﬁd‘”m“@)ﬁl't‘e P@ggélr l%)espﬁ@gﬁdp, cal
generate a rmdB%at eé% rBQIa Hg “8 E\Fﬁg nﬁh@#ﬁém@hﬁgdt gfe gloglt ;nO|23SI \?\Eglr e;[(rjl

controlling the output coupler 15conprises: receiving the circulating |ight
into an input podelivdringhexcitatipntenecgyplocthe gain medium above a laser thresholg

5 of the optical resonator to bring the circulating light into coherent

oscillation;

providing an output coupler in the optical resonator in the path of the

circulating light;

determining a control signal for the output coupler, the output coupler
10 responsive to the control signal to selectively allow a fraction of the

circulating light to exit the optical resonator; and

controlling the output coupler using the control signal to generate a

modulated optical signal.

24. The method of claim 23, wherein controlling the output coupler

15 comprises:
receiving the circulating light into an input port of the output coupler,;

generating the modulated optical signal at an output-coupled port of the

output coupler in response to the control signal; and

directing unemitted light to a through port of the output coupler to be

20 retained within the optical resonator.

25 The method of claim 24, wherein an interference section provides
optical coupling between the input port and each of the output-coupled port
and the through port, and controlling the output coupler comprises controlling
an operating characteristic of the interference section using the control signal

25  to provide selective optical interference in the interference section.



generating the nodul ated optical signal at an output-coupled port of the
out put coupler in response to the control signal; and directing
unem tt edwbightt1180a t hrough port of the output coupl er pCo/daoB0etoani ned
within the optical resonator. 25. The nethod of claim 24, wherein an
interference section provides optical 02L|1p| i ng between the input port and
each of the output-coupled port and the through port, and controlling the
out put coupl er conprises controlling an operating characteristic of the
interference section using the control signal 25to provide selective
optical intesferdanee metidte oht eidier eRSe wdeteion.contdlling the operating
2011/ 113150PCT/ CA2011/ 000291 -41 - 26. The net hod of ¢l aim 25, gherﬁir]
cont rol | i ngchaeackistis: phdhe Hatestarance; seetien Qq{@r?ﬁseﬁfeer"é ated: PPHER

gener ates ! UpiPAvhidl StRRldoGRledShe Bngin bpfcA gl cpleRftrRa toaRd an

opti cal signg conplenentary optTcal sign at "t he through
port. 527. Theodwmateddpicatsighah &tghe thveughmorthe operating characteristic of
the interference section is one of a refractive index and gai n/attenuation.

28. The th of _claim 23 rein.controlljng the. output coupl.er npri ses
modul at irng % I erﬁ‘? Bithed oﬁhrFE‘!"m §§e e'Bhg‘?eOPﬁr%t'Hg_ %ﬁﬁfﬁf: 'ghc OOthBSm
signal . 102§ kherdicnitioh i€ baé o aGefrabiffetinBes @Rt Rlin/afiEntdforput put coupl er
conprises applying at |east one of an anplitude, a Phase-Shift Keying

(PSK), and a Quadrature Anplitude Mdul ation (QAM nodul ati on schene to the
nodul at ed o@8i calThsi gnethod of caim 123 véiaieid eontPling $e eutpuhoupler

Gocoup e 5 aBEEaoYuRling 28 14T o' BtimpiER FbnaRe i M ReiaRe.

the circul atgpfigal dighdl. due to interaction with the gain medi um

10 29. The method of claim 28, wherein controlling the output coupler
comprises applying at least one of an amplitude, a Phase-Shift Keying (PSK),
and a Quadrature Amplitude Modulation (QAM) modulation scheme to the

modulated optical signal.

30. The method of claim 23, further comprising jointly controlling the output
15  coupler and the pump to decouple a modulation response of the laser from an
intrinsic response of the circulating light due to interaction with the gain

medium.

31. The method of claim 23, further comprising jointly controlling the output
coupler and the pump to maintain a power level of the circulating light within

20 an operable range around a selected, steady-state power level.

32. The method of claim 23, wherein controling the output coupler
comprises selecting a modulation rate that exceeds a relaxation resonance
frequency of the laser and controlling the output coupler at the selected

modulation rate.

25 33. The method of claim 23, wherein controlling the output coupler

comprises controlling amplitude changes in a coefficient of output-coupling.



31. The nethod of claim 23, further conprising jointly controlling the

out put coupler and the punp to nmaintain a power |level of the circulating

| i ght w tworoRdiiarsooper abl e range around a sel ect ed, st eatycabAi®OPOWEr

| evel . 32. The nethod of claim 23, wherein controlling the output coupler
conprises selecting a nodul ation rate tgﬁt exceeds a rel axation resonance
frequency of the |aser and controlling ThEé output coupler at the selected
nodul ation rate. -42 - 34. The nethod of claim 23, wherein the excitation
energy conprises dc excitation energy. 35. The nethod of claim 23, wherein
t he nodul at gd outrpet metiRbf chirhr 28 whedih tie excitatiorcenérgyl ¢arhpaseshdep. 5
36. The net hod of claim 23, wherein the nethod further conprises controlling
a mavelengtﬁX@ﬁﬂKﬁéﬂﬁﬁQMlated optical signal by selectively adjusting a
refractive index or optical feedback of the optical resonator using at

| east one nay el e'ﬁ% FH{Hdn& cﬁgms,ﬂwheféw%ﬂrﬂdauﬁé}@d%&waéigﬁmgﬂ%caf in

the path of he Ci I'ng
chirp or has controllable chirp.

5 36. The method of claim 23, wherein the method further comprises
controlling a wavelength of the modulated optical signal by selectively
adjusting a refractive index or optical feedback of the optical resonator using
at least one wavelength tuning section included in the optical resonator in the

path of the circulating light.



