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CROSS - REFERENCE TO RELATED 5 wavelength is tuned as well as elements to control elements 

APPLICATIONS to lock the tunable wavelength ( or frequency ) to a desired 
stability and accuracy or preset standardized frequency grid . 

This Application claims the benefit of U . S . Provisional One class of tunable lasers utilizes mirrors with periodic 
Patent Application No . 61 / 748 , 415 filed Jan . 2 , 2013 the reflection peaks ( periodic in wavelength or optical fre 
contents of which is incorporated herein by reference in its 10 quency ) where the two mirrors reflection periods are not 
entirety . spaced with the same periodicity , and tuning is achieved 

when one of the peaks of each mirror overlap known as the 
BACKGROUND Vernier effect and the laser optical emission occurs predomi 

nately at the wavelength where the mirror reflection peaks 
Today ' s fiber optic based networks use transceivers as the 15 overlap . It is also necessary that the optical gain inside the 

interface between electronics and optical signals that propa - laser cavity is properly aligned with the location of the 
gate on the optical fiber and at other points in the network mirror reflectivity peaks and the overlapping tuning wave 
where information is converted between electronic form and length in order to ensure emission at the desired wavelength . 
optical form . Two critical subsystems of a transceiver are the Techniques to measure , characterize , monitor and control 
optical transmitter and the optical receiver . The wavelength 20 the gain and mirrors are critical in realizing practical tunable 
of the light emitted from the optical transmitter , and in lasers and transmitters that can be manufactured at low cost . 
certain cases used in the optical receiver , is an important The Vernier effect has provided excellent performance char 
parameter used towards designing , constructing and operat - acteristics in terms of the quality of the output optical 
ing fiber optic links , transmission systems and networks . wavelength and can be achieved with a variety of mirror 
Today ' s fiber optic transmitters and some coherent optical 25 structures including sampled grating reflectors , coupled ring 
receivers predominately use lasers that emit light at a fixed resonators , etc . Performance characteristics that are critical 
wavelength . Employing lasers with the capability to tune the in wavelength division multiplexed applications and high 
emission optical wavelength addresses under the control of capacity links include single frequency ( wavelength ) mode 
an electronic control signal or set of signals solves many operation where the quality of single frequency is defined by 
issues that exist today with links and networks that use fixed 30 parameters like the side mode suppression ratio ( SMSR ) and 
wavelength transmitters and receivers . Additionally , widely in cases where coherent transmission is employed , by the 
tunable wavelength semiconductor lasers that can be tuned line width of the laser output . In widely tunable lasers , the 
over large wavelength ranges are a key component for laser must be tuned over 10s of nanometers range , for 
today ' s and future optical communications systems and example 30 - 40 nanometers to cover transmission bands used 
networks to reduce cost of designing , building , operating 35 in engineering and operating wavelength multiplexed fiber 
and maintaining and increasing the flexibility of such links links , for example the C - band , and in other cases over 40 to 
and networks . There are many advantages to using a widely 100 nm and over 100 nm tuning is desirable . In prior state 
tunable laser over fixed wavelength laser , namely , one laser of the art , tunable lasers are generally designed so that the 
can be used as a single part number for a build of materials maximum power can be extracted from one of the laser 
to construct a network that uses many wavelengths or to 40 mirrors , the primary output mirror , which is connected to the 
replace one of many different wavelength lasers in the field additional elements and the optical fiber . For example in a 
instead of requiring a spare laser for each wavelength to be transmitter , these additional elements include an optical 
kept in stock . Widely tunable typically refers to a large amplifier , an optical modulator , optical waveguides , monitor 
tuning range à relative to the wavelength of operation à , photodiodes , wavelength locking optics , and the optical 
such that AN is as large as possible . For example in a 45 fiber . In a receiver these elements coupled to the primary 
À = 1550 nm communication system , a A tuning of approxi - output of the tunable laser may include an optical amplifier , 
mately 20 nm to over 100 nm would be considered widely an optical mixer , photodiodes and an optical fiber . In prior 
tunable for today ' s applications . Tunable lasers also allow art , the requirement to extract maximum optical power from 
more flexibility in designing the transmission or optical one of the mirrors in order to maximize power into a 
network system potentially lowering costs in the planning 50 modulator , optical fiber or other element , leads to tradeoffs 
and build - out stages of network deployment . In order to in the mirror designs and overall laser tuning design and 
make tunable lasers and tunable optical transmitters cost , laser characteristics . For example , maximum power out 
power and size or density efficient , monolithic integration of from a primary mirror requires a decrease in peak mirror 
the tunable laser and a subset or all of the associated reflectivity for the primary output mirror . This results in 
transmitter or receiver elements using a monolithic substrate 55 laser performance tradeoffs including a decrease in the side 
like a semiconductor , is required and also leads to improved mode suppression ratio ( SMSR ) and decrease in the wave 
performance and reliability , all key factors in today ' s fiber length tuning selectivity and wavelength stability and pos 
communications systems and networks . sibly laser line width . The flatness ( or slow roll off ) of the 
An integrated widely tunable laser typically consists of periodic wavelength reflection peaks is another important 

multiple sections , generally including a gain section , a 60 parameter that is critical to achieving wide range tenability . 
tunable phase section , and tunable mirror sections and in Optimizing these parameters , as well as other parameters , is 
some designs a tunable filter section is also incorporated . critical to meeting optical link and network performance 
Tuning the physical parameters of these sections is achieved requirements while providing low cost , low power , small 
using electrical control signals , thermal tuning or some other size and high reliability tunable lasers and transmitters . 
mechanism that changes the refractive index or other prop - 65 For communications applications , it is desirable to make 
erty of the laser elements , and results in tuning of the output a higher - level building block called the tunable optical 
laser wavelength . It is desirable to integrate additional transmitter by integrating the tunable laser with an optical 
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data modulator . Different types of optical data modulators modulator drive voltage and optical data extinction ratio , 
are used depending on the performance and application and output power and signal to noise ratio . 
generally fall into the non - coherent and coherent categories . There are multiple problems with prior tunable lasers that 
Integration of these two components , potentially with other utilize a single primary mirror output and integrated laser 
components , results in decrease in cost , size , yield per wafer , 5 MZM transmitters . For the laser these problems include for 
transmitter power dissipation , and increased transmitted example optical frequency output quality , difficulty in mea 
output power as well as other desired optical transmission suring mirror and laser output characteristics in a manufac 
properties . Monolithic integration of the widely tunable turing environment , expensive and complex laser output 
laser with an optical data modulator can be accomplished on characterization and programming methods , and increased 
the same common semiconductor substrate like indium 10 cost and complexity in reliability and testing . When the laser 
phosphide or silicon . Other types of laser - modulator inte - and modulator are integrated , problems associated with prior 
gration utilize hybrid integration techniques where the laser , tunable lasers that utilize a single primary output mirror 
optical amplifier , and data modulator are placed onto a connected to the MZM directly or through other optical 
common waveguide communication substrate or interposer elements include non - balanced power splitting that occurs in 
made of a suitable material like glass , silicon or silica 15 elements like power splitters due to fabrication tolerances , 
nitride . temperature or other environmental or fabrication variations . 

It is desirable when constructing coherent optical com - Therefore , there is a need for a tunable laser that simpli 
munications systems to also integrate the tunable laser into fies characterization , testing and calibration in a manufac 
the optical receiver and if possible integrate the coherent turable manner and that works in combination with an 
optical transmitter and receiver together . 20 integrated optical data modulator that is able to achieve 

The choice of both the tunable laser design and optical optimal operating and transmission performance with mini 
data modulator design are important in the manufacturing mal design , operating , and reliability tradeoffs . 
and characterization process of tunable transmitters and 
receivers , determining how the resulting wavelength tunable SUMMARY 
transmitter will perform in a fiber optic link or network and 25 
how well the laser and modulator can be integrated to reduce According to the present invention , a monolithically 
cost , power dissipation , size without sacrificing reliability integrated laser comprising an integrated dual emission laser 
and also maintaining required system performance . Addi - having a first optical emission and a second optical emission 
tionally the choice of tunable laser design is important in is provided . Both the first and second optical emissions of 
integration of a coherent optical receiver and integration of 30 the integrated dual emission laser are in optical communi 
an tunable optical transmitter and receiver together . cation with a modulator or other optical device . The inte 

The more successful monolithically integrated widely grated dual emission laser is formed with a light bending 
tunable lasers utilize a linear arrangement of front and rear section , such as a waveguide in the form of a U - shape , a set 
mirrors , gain section , phase tuning section , and power of total internal reflection ( TIR ) mirrors , or an integrated 
measurement electrodes . Other designs arrange the mirrors 35 dual emission laser having two or more laser gain sections . 
in Y - branches with a common output waveguide and similar Preferably , the first and second optical emissions of the 
mirror , gain section and phase section - tuning elements . The integrated dual emission laser make more efficient use of the 
Y - branch configurations have utilized sampled grating mir - generated optical emissions that a single output laser , and the 
rors like the linear designs or ring resonators as the mirrors modulator or other optical device does not use multimode 
in the Y - section of the laser and a broadband non - tunable 40 interference power splitters / couplers or other splitters / com 
reflector at the primary optical emission output located on biners . 
the single arm portion of the Y . Both designs may contain In other preferred embodiments , the modulator has two 
additional optical filter elements that may also be tunable . arm paths and the wavelength distance difference from the 

For data modulators , the semiconductor Mach - Zehnder integrated dual emission laser results in the advantage of 
Modulator ( MZM ) is a preferred modulator design due to 45 introducing a differential phase shift between the two arm 
the ability to integrate it with the tunable laser , optical data paths . 
modulation characteristics , low electrical drive voltage In another preferred embodiment , the integrated dual 
requirements , compact size and programmable transmission emission laser is formed with a light bending section com 
characteristics . In prior art , integrated transmitters are fab - prising set of total internal reflection ( TIR ) mirrors and the 
ricated by coupling light from the primary laser output 50 reflection characteristics of both mirrors is measurable at an 
mirror ( the higher output power mirror via a single wave - output of the modulator output . 
guide to the modulator input ) . In the case of a MZM , the In another preferred embodiment , the integrated dual 
modulator input is split into two optical waveguide paths emission laser has an angled waveguide which is used to 
( called arms ) and then combined into a common data minimize reflections at an optical emission facet and reduce 
modulated output waveguide and a secondary waveguide 55 requirements of an anti - reflection coating at the optical 
that can be used for optical monitoring . Data is modulated emission output . Also preferably , the integrated dual emis 
onto the tunable laser output by driving one or both of the sion laser is one of a tunable resonant ring laser , a Y - laser , 
MZM paths ( arms ) with an electronic data signal that affects or a two amplitude and phase locked tunable lasers . 
the physical properties of the MZM waveguides via electri - According to another embodiment , a monolithically inte 
cal electrodes or interconnects . This prior state of the art 60 grated laser which is nested between two modulators is 
approach , where the input to the MZM requires the power to provided . According to this embodiment , an integrated dual 
be split leads to performance tradeoffs , design tradeoffs , and emission laser having a first optical emission and a second 
increased susceptibility to fabrication and environmental optical emission is provided , where the first optical emission 
variations . Examples of transmitter characteristics that are of the integrated dual emission laser is in optical commu 
required and lead to tradeoffs include operation over the 65 nication with a first modulator , and the first modulator is in 
wide laser wavelength tuning range and required range of communication with a first output . The second optical 
temperature and environmental conditions , laser chirp , emission of the integrated dual emission laser is in optical 
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communication with a second modulator , and the second tion of wavelength showing the main peak and the high 
modulator is in communication with a second output . In a resulting side mode suppression from a U - laser according to 
preferred embodiment , the one of the first or second modu the invention ; 
lators is a coherent nested modulator . FIG . 12B is a plot of example wavelength tuning of the 

5 U - Laser mirrors showing laser output at various wave 
DRAWINGS lengths for different mirror tuning currents ; 

FIG . 13 is a plot showing the measured reflection spectra 
These and other features , aspects and advantages of the as a function of temperature of one of the mirrors of a 

present invention will become better understood from the U - laser measured using the output booster amplifier con 
following description , appended claims , and accompanying 10 nected to that mirror , with the other mirror arm turned off 
figures where : and a spectrum analyzer connected to the modulator output ; 

FIG . 1 is a schematic illustration of an exemplary prior art FIG . 14A and FIG . 14B are schematic illustrations of 
device having a multi - section monolithically integrated tun - different embodiments of a coherent tunable transmitter 
able laser with light derived from a primary mirror output ; based on a U - laser connected to nested optical data modu 

FIG . 2 is a schematic illustration of an exemplary prior art 15 lators according to another embodiment of the present 
device having integration of a tunable laser with an MZM invention ; 
optical modulator ; FIG . 15 is a schematic illustration of a dual output 

FIG . 3 is a schematic illustration of a tunable U - laser and balanced widely tunable coherent optical data transmitter 
modulator according to one embodiment of the present comprising the tunable U - laser and coherent nested modu 
invention ; 20 lators according to another embodiment of the present 

FIG . 4 is a graphic representation of the periodic mirror invention ; and 
reflection design for balanced optical emissions from both FIG . 16 is a schematic illustration of a widely tunable 
laser facets of the U - laser according to the invention ; coherent optical data transmitter comprising the U - laser and 

FIG . 5 is a schematic illustration of the tunable U - laser coherent nested modulators according to another embodi 
and modulator shown in FIG . 3 , showing a curved wave - 25 ment of the present invention . 
guide U - bend in the U - laser , according to another embodi 
ment of the present invention ; DESCRIPTION 

FIG . 6 is a schematic illustration of the tunable U - laser 
and modulator shown in FIGS . 3 and 5 , showing an laser Methods and devices that implement the embodiments of 
gain sections in both the upper and lower sections of the 30 the various features of the invention will now be described 
U - laser , according to another embodiment of the present with reference to the drawings . The drawings and the 
invention ; associated descriptions are provided to illustrate embodi 

FIG . 7 is a schematic illustration of the tunable U - laser m ents of the invention and not to limit the scope of the 
and modulator shown in FIG . 3 , showing TIR mirrors invention . Reference in the specification to " one embodi 
U - bend in the U - laser , according to another embodiment of 35 ment ” or “ an embodiment ” is intended to indicate that a 
the present invention ; particular feature , structure , or characteristic described in 

FIG . 8A is a schematic illustration of the tunable U - laser connection with the embodiment is included in at least an 
and modulator shown in FIG . 3 , showing a tunable resonant embodiment of the invention . The appearances of the phrase 
ring laser as the U - laser , according to another embodiment " in one embodiment ” or “ an embodiment " in various places 
of the present invention ; 40 in the specification are not necessarily all referring to the 

FIG . 8B is a schematic illustration of the tunable U - laser same embodiment . 
and modulator shown in FIG . 3 , showing a Y - laser as the Systems and methods that enable a widely tunable optical 
U - laser , according to another embodiment of the present transmitter capable of generating optical signals with simple 
invention ; intensity modulated or advanced modulation formats will be 

FIG . 8C is a schematic illustration of the tunable U - laser 45 beneficial in optical transmission systems and networks . 
and modulator shown in FIG . 3 , showing two separate Example embodiments described herein have several fea 
amplitude and phase locked tunable lasers as the U - laser , tures , no single one of which is indispensible or solely 
according to another embodiment of the present invention ; responsible for their desirable attributes . Without limiting 

FIG . 9 is a schematic illustration of a mask layout used to the scope of the claims , some of the advantageous features 
make the tunable U - laser according to another embodiment 50 will now be summarized . 
of the present invention ; Various embodiments of the U - laser , the optical data 

FIG . 10A is a magnified image of a set of TIR mirrors modulator and the combination of the two in addition to 
used as the U - turn in the U - laser , shown in FIG . 7 ; other control and monitoring elements to form an integrated 

FIG . 10B is a scanning electron micrograph image of a optical transmitter described herein comprise a common 
fabricated low loss TIR mirror as illustrated in the embodi - 55 substrate for integration , for example but not limited to III - V 
ment shown in FIG . 7 ; composite semiconductors , silicon photonics platforms that 

FIG . 10C is an image of a fabricated U - laser as illustrated utilize silicon or combinations of silicon and III - V materials , 
in the embodiment shown in FIG . 7 ; or other common substrate platforms that utilize glass and 

FIG . 11A is a magnified image of a fabricated low loss silicon nitride . Various embodiments comprising a III - V 
180 - degree bend deep etched waveguide U - turn transition - 60 material such as Indium Phosphide and one or more epi 
ing to ridge waveguides , as illustrated in the embodiments taxial layers , for example InP , InGaAs , InGaAsp , InAlGaAs 
shown FIG . 5 and FIG . 6 ; etc . comprise the U - Laser formed on the common substrate 

FIG . 11B is an image of a fabricated U - laser , showing the in the epitaxial structure and one or more modulator struc 
curved waveguide U - turn and transition regions of the tures comprising a plurality of arms or branches and at least 
waveguide ; 65 two electrodes formed on the common substrate . The one or 

FIG . 12A is a plot of measured output optical emission more modulator structures may be configured to modulate 
spectra from the U - laser outputs showing power as a func - the intensity , amplitude , the phase , or both amplitude and 
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phase of optical radiation emitted from the outputs of the to a waveguide that brings the light to a modulator or off 
U - laser . In various embodiments , for example the Mach chip . In the case of bringing the light off chip , as shown in 
Zehnder Modulator ( MZM ) , the modulator structures may FIG . 1 , an angled waveguide is used to minimize reflections 
modulate light in accordance with the principles of optical at the chip facet and reduce requirements on the anti 
interference . In some embodiments , the modulator struc - 5 reflection coating at the optical output of the chip . Other 
tures may be positioned external to the laser cavity and be known disadvantages of the prior art are that since only one 
optically connected to the laser optical emission outputs . In laser output is optically available to test instrumentation , 
various embodiments , the various components of the optical characterization and measurement of optical parameters 
transmitter such as waveguides , photonic components , split - related to both the front mirror and rear mirror in a manu 
ters , etc . can be formed in the same epitaxial structure as the 10 facturable environment is difficult and prohibitive . For 
epitaxial structure in which the laser and modulator are example , measuring the front and rear mirror reflection 
formed . In some embodiments the components of the optical spectra relative to desired design requirements , measure 
transmitter such as waveguides , bulk photonic components , ment of the tuning of the two mirror spectra and changes in 
optical isolators , detectors , splitters , wavelength lockers , the front and rear mirror spectra with temperature , aging , 
power monitors , etc . can be formed in one or more epitaxial 15 burn - in and other factors like gain and phase section changes 
structures that are different from the epitaxial structure in are difficult in prior art devices . 
which the laser is formed or using bulk optical elements that Referring now to FIG . 2 , an example of a prior art 
are connected to the laser and modulator monolithically integrated tunable laser with an MZM optical modulator is 
integrated on the common substrate . shown . As in FIG . 1 , the rear mirror of the tunable laser is 
As used in this disclosure , except where the context 20 designed to be highly reflective and connect via a linear 

requires otherwise , the term " comprise " and variations of the waveguide to a power monitor . The front of the tunable laser , 
term , such as " comprising ” , “ comprises ” and “ comprised ” the primary laser output , is designed to be lower reflectivity 
are not intended to exclude other additives , components , in order to communicate maximum optical from the laser to 
integers or steps . the modulator . The primary laser output is connected via a 

In the following description , specific details are given to 25 linear waveguide to an optical amplifier , and a linear wave 
provide a thorough understanding of the embodiments . guide connects to the input of an MZM optical data modu 
However , it will be understood by one of ordinary skill in the lator . At the MZM input , an optical power splitter is used to 
art that the embodiments may be practiced without these equally split the light into the two arms of the MZM . Equal 
specific detail . Well - known circuits , structures and tech - power splitting at this first element is critical for optimal 
niques may not be shown in detail in order not to obscure the 30 modulator operation including high extinction ratio ( ER ) . 
embodiments . For example , circuits may be shown in block Electrical data is used to impress data onto the tunable laser 
diagrams in order not to obscure the embodiments in unnec - emission and to control other aspects of the modulator , often 
essary detail . using an upper arm RF connection for non - inverted data and 

In the following description , specific details are given a lower arm RF connection for inverted data ( data _ bar ) and 
regarding the inventions , which are a U - laser and modulator . 35 a separate DC bias to adjust the phase and power to be equal 
Each invention may be used with the other , and other and aligned in the two modulator arms . The modulator data 
modulators and / or lasers may be used as well with the and data _ bar are used to differentially drive the modulator 
corresponding inventions . Various embodiments described with the electrical data resulting in a total drive voltage that 
herein include a compact optical transmitter having a is lower than driving a single arm of the modulator only . 
reduced die size and aspect ratio over prior state of the art , 40 Additionally , the modulator upper and lower arms can have 
improved laser performance , improved methods to measure , independent voltage bias offsets to optimize speed and other 
characterize and monitor attributes of the laser , improved desired attributes of the modulator . The separate DC bias 
methods to qualify the parameters of fabricated lasers , control is used to balance the power in the two modulator 
improved methods to calibrate widely tunable lasers and arms and some designs employ a second phase control to 
modulators and transmitters , improved methods to conduct 45 allow power and phase to be adjusted separately . After the 
burn - n and reliability testing of tunable lasers integrated electrical data modulation connections , the two modulator 
with modulators into transmitters , and improved method to arms are combined using a power combiner , often a 2x2 , to 
reduce cost and increase yield in a manufacturable environ produce the modulated MZM signal which is directed to the 
ment over that possible with prior state of the art . chip output using an angled waveguide ( not shown ) . The 
U - Laser 50 secondary modulator output is often used to monitor the 

Lasers are well - known in the art as described in U . S . Pat . modulated laser output power and reduces reflections back 
Nos . 6 , 628 , 690 and 7 , 633 , 988 , herein incorporated by ref - into the laser . One primary disadvantage of this design is the 
erence in their entirety . FIG . 1 shows an example of prior integrated device length is long due to the length of the input 
state of the art in a multi - section monolithically integrated power splitter , s - bends associated with the input power 
tunable laser with light derived from a primary mirror 55 splitting , the modulator arms and the power combiner . The 
output . The sections are arranged in a linear fashion with the ability of the modulator to produce a high extinction ratio 
laser consisting of a tunable rear mirror , a gain section , a ( light on to light off ) is limited by the manufacturing 
tunable phase section , and a tunable front mirror with each variation in the power splitter outputs and variation as a 
section connected by optical waveguides and metal elec - function of laser output wavelength . The increased length 
trodes connected to the top of each section to tune that 60 and impact of unequal power splitting ratio at the MZM 
section . The tunable rear mirror is designed to be highly input leads to integrated transmitters that consume large 
reflective and is typically connected by a waveguide to a wafer areas leading to a decrease in the number of devices 
power monitor that also absorbs light from the rear mirror to on a wafer , a high aspect ratio transmitter that leads to 
minimize reflections back into the laser . The front mirror is increased breakage and decreased yield , and decreased 
designed to be less reflective than the rear mirror in order to 65 modulator performance . There are also fiber optic links that 
extract the maximum power from the laser output , and may require the modulator to operate with negative frequency 
be connected by a waveguide to an optical amplifier and then chirp , which is achieved in semiconductor modulators by 
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designing the modulator to be asymmetric where one arm is elements to be placed after each laser output . The Laser 102 
longer than the other arm in order to introduce a half has two optical outputs that are balanced so that relatively 
wavelength phase shift between the arms . This asymmetry is equal power is transmitted out of each mirror , overcoming 
achieved by making one arm longer than the other or disadvantages of the prior art . The two optical emissions 
changing the waveguide width in one arm relative to the 5 104 , 106 are connected directly to the two arms of the MZM 
other arm . In both cases this asymmetry introduces uneven optical data modulator 108 , reducing the length of the 
power balance in the modulator leading to decreased extinc - modulator and removing the input power splitter , overcom 
tion ratio and degradation of other performance parameters . ing the disadvantages of the prior state of the art tunable 
As is the case with the tunable laser in FIG . 1 , the mono - MZM transmitters . Examples of optical elements that can be 
lithically integrated laser and modulator described in these 10 placed between the U - Laser and MZM are included but are 
prior art devices makes characterizing important parameters not limited to a phase tuning section ( P ) 114 , 116 , and optical 
of the laser , like the front and rear mirror reflectivity spectra , amplifier gain section ( G ) 118 , 120 . 
difficult to do in a manufacturable manner since only one The present invention enables power to be extracted from 
output is available and the laser is designed emit its maxi - both laser facets and used in modulation , so the power out 
mum power from the front mirror . 15 from each facet is designed to be approximately equal in 

Referring now to FIG . 3 , an optical device 100 compris - order to produce a high quality modulated signal with other 
ing a monolithically integrated laser 102 , also referred to performance , cost and size advantages . One advantage over 
herein as a widely tunable U - laser , having a first optical the prior art is that the approximately equal mirror reflec 
emission 104 and a second optical emission 106 where both tivities in the present invention results in laser reflection 
the first and second optical emissions 104 , 106 of the 20 peaks that are balanced in width between the two mirrors 
monolithically integrated laser 102 are in optical commu - with higher finesse leading to an improved SMSR . 
nication with a modulator 108 or other device is provided . Referring now to FIG . 4 , an example of a relative emis 
The laser output emitted optical radiation is widely tunable sion reflectivity spectra for the balanced mirrors used in the 
over a wide wavelength range from between about 20 nm to integrated dual emission laser 102 is shown in FIG . 4 . As 
about 100 nm . The wide wavelength range is represented by 25 shown in FIG . 4 , the dual laser has balanced power . The 
Ana and is configured to be greater than a ratio An / n , balanced mirror output of the present invention is an advan 
wherein , represents the wavelength of the optical radiation tage over prior art designs where the mirrors are not bal 
( in the embodiments described here à is 1550 nm but the anced and one mirror is highly reflecting and the primary 
present invention is not limited to this wavelength band ) , AN output lower reflecting to maximize laser output power into 
represents the change in the wavelength of the laser output 30 the modulator . This imbalanced design for a tunable lasers 
optical radiation , n represents the refractive index of the results in the reflectivity peaks of the primary output mirror 
mirror and phase tuning sections , and An represents the being broader than that of the other mirror , leading to a 
change in the modulated refractive index of the gratings in reduced SMSR and other optical degradations as well as the 
the mirror tuning section in the present embodiment . In other inability to measure and characterize fully the optical prop 
embodiments described below , n and An can represent 35 erties of the laser in an manufacturable environment . 
changes in index of other structures like resonant rings , etc . The present invention enables power to be extracted from 
Such widely tunable transmitters are used in today ' s tele - both laser facets , so the power out from each facet is 
communications and data communications applications . The designed to be approximately equal . The advantage over the 
integration of the laser and modulator onto a single photonic prior art is that the approximately equal mirror reflectivity ' s 
integrated circuit ( PIC ) is important towards building low 40 results in peaks that are balanced in width between the two 
cost , low power consumption , high - density optical inter - mirrors with higher finesse leading to an improved SMSR 
faces for a wide variety of optical fiber applications . due to narrower peaks for both mirrors . This is an advantage 

As shown in FIG . 3 , the integrated laser 102 with two over designs where one mirror is high reflecting and the 
output optical emissions 104 , 106 , communicates via a first other lower reflecting to maximize output power such that 
and second waveguide connected to waveguide each output 45 the reflectivity peaks of the primary output mirror are 
emission port 110 , 112 with first and second phase tuning broader than the other mirror , leading to a reduced SMSR . 
sections 114 , 116 , and first and second optical gain sections Other advantages that are known to those skilled in the art , 
120 , which provides control of output light from both laser include mirror designs that are balanced in bandwidth so that 
facets 104 , 106 ( herein referred to as optical omissions or the peak roll - off for both mirrors occurs more slowly , 
optical output ) for input to an optical data modulator , and an 50 enhancing the tuning range of the laser . 
optical data modulator 108 that is adapted to connect to both Referring now to FIG . 5 , one embodiment of the inte 
of the laser facets 104 , 106 . The modulator 108 is in grated dual emission laser 102 , shown in FIG . 3 is shown . 
communication with an optical output and a power monitor The waveguides 110 , 112 are connected to first and second 
124 . As used herein , the term U - laser refers to the mono - mirrors M1 ( 126 ) , M2 ( 128 ) , which , on the top arm of the 
lithically integrated laser 102 having two optical emissions 55 laser 102 , is connected to a laser gain section G ( 130 ) , and 
or outputs ( i . e . , an integrated dual emission laser 102 ) then , after connection through a transition region 132 , the 
however , as will be understood by those of skill in the art , waveguide 110 is formed into a light bending portion 134 , 
and further described herein a “ U - laser ” has various embodi - such as a U - shape , as shown in FIG . 5 or other shape such 
ments including a tunable ring laser , Y - laser , and two ampli - that both laser emissions 104 , 106 communicate with mul 
tude and phase locked tunable lasers , which are configured 60 tiple devices , multi - port connected devices or to the same 
to have the first and second optical emissions according to optical chip output face . The light bending section 134 is 
the invention . preferably constructed to provide minimum loss for the 

The monolithically integrated dual emission laser 102 optical signal 104 , 106 across the frequency tuning range 
( e . g . , U - laser ) according to the present invention overcomes such that the optical laser gain can exceed the losses 
disadvantages of the prior art . The Laser 102 can be coupled 65 allowing lasing , preferably at the lowest threshold current as 
to two - port devices like an interferometric optical data possible , with the highest slope efficiency as possible , and 
modulator while also allowing other independent optical highest output power possible across the wide tuning range . 
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For the U - laser of FIG . 5 , a transition regions between low input as a function of wavelength and operating conditions 
loss ridge waveguides for the straight sections , and deep and to optimize the modulated signal extinction ratio , chirp 
etched waveguides for the U - turn are employed 136 is in and signal to noise ratio for various settings of the bias and 
connection with the light bending portion 134 , via the modulation drive signals or the upper and lower modulator 
waveguide 112 , the first transition section connected to the 5 arms . The output of the modulator , an MZM in this example , 
upper gain section and the second transition section con results from a power combiner that provides the interfer 
nected to a phase tuning section 138 in the lower portion of ometer function as well as providing an output port for 
the laser in FIG . 5 . In the case of a tunable transmitter , the connection other optical elements on the chip or bulk optical two laser facets present the laser outputs via the same located off chip , for example collimating lens , optical iso direction to the two input ports of the Mach - Zehnder modu - 10 lator wavelength locking optics and circuits , and fiber focus lator ( MZM ) 108 , as shown in FIGS . 3 and 5 . Note that a ing elements . A power monitor can be place on the unused significant advantage of the present invention over tradi 
tional lasers integrated with MZMs is that the input MZM output arm to provide feedback signal for control of the laser 

like power balancing and constant gain as well as reducing power splitter is not required since both facets of the tunable 
laser are connected to each of the arms of the Mach - Zehnder 15 me the reflections back into the laser due to the absorption from 
Modulator . The modulator may have further components the detector . 
including DC bias 140 , a power combiner 142 , and one or Referring now to FIG . 6 , the integrated dual emission 
more data modulators 144 . 146 . The MZM may be designed laser 102 shown in FIG . 5 is shown also having an additional 
for simple intensity modulation formats or more complex laser gain section 148 on the bottom arm of the laser 102 . 
coherent modulation that utilize nested MZM designs , as 20 This aspect of the present invention is utilized in order to 
further described herein . Note that the traditional MZM reduce the total length of the laser 102 , reduce the trans 
input power splitter is not required since both facets of the mitter area , and ensure that the important condition for 
tunable laser are connected to each of the arms of the single mode operation where only one Fabry - Perot peak 
Mach - Zehnder Modulator 108 . Other elements can also be occurs per aligned tunable mirror resonance . The longer the 
placed at each mirror output prior to the MZM inputs , 25 laser cavity , the closer the Fabry - Perot resonances and if the 
including but not limited to power monitoring electrodes , laser is too long two or more lasing resonance will fit under 
phase modulator electrodes , optical amplifiers and optical one alignment mirror peak . Therefore the laser length is 
isolator . confined to a maximum length such that the Fabry - Perot 

The U - laser in FIG . 5 consists of an upper arm and lower peak spacing , c / 2nL , where n is the waveguide mode group 
arm , with a laser gain section and Mirror 1 in the upper arm . 30 index and L the laser length ( based on the reflection loca 
Mirror 1 provides one port of optical emission to the tions inside the tunable mirrors ) is greater than the spacing 
modulator and is tunable . The gain section is connect to between the tunable mirror reflectivity peaks . The embodi 
Mirror 1 on one side via an optical waveguide , and on the ment in FIG . 6 where the gain has been split into two 
other side is connect via an optical waveguide to a 180 sections on in the upper arm and one in the lower arm , 
degree curved optical waveguide . The choice of waveguides 35 allows the laser to be laid out as a shorter cavity than 
depends on the integration platform . FIG . 5 illustrates the compared to that in FIG . 5 . Therefore the embodiment in 
gain section waveguide transitioning to a different wave - FIG . 6 is preferred and this design is on aspect of the present 
guide that is optimize for low loss 180 degree turning of the invention , the splitting of the gain section into two parts , one 
light direction . The lower arm of the U - laser contains a in each branch of the U - laser . It will be discussed below that 
tunable phase section that is connected to the 180 - degree 40 there are other benefits from splitting the gain into the two 
turn on one side and to tunable Mirror 2 on via an optical branches that overcome other limitations of the prior art that 
waveguide . The loss of the straight and curved waveguides the present invention encompasses . Each arm of the U - laser 
that connect the gain block to the tunable phase section as can have its gain tuned independently using separate current 
well as the other waveguides connecting the mirrors , and the or thermal tuning circuits or together using one current or 
loss of the mirrors themselves , must be kept as low as 45 thermal control circuit . The tradeoff is in complexity of the 
possible so that the available gain may exceed the losses to control circuits with flexibility in operation , tuning and 
produce lasing and provide high enough optical emission testing of the laser . The use of current or temperature is one 
power from each laser output as required for the application method to tune the laser when it is based on an InP 
The two emission outputs from tunable Mirrors 1 and 2 are integration platform . Other platforms that can be used to 
connected in FIG . 5 via optical waveguides to a phase tuning 50 construct the present invention may use voltage , current or 
section and gain section in order to provide controls to thermal or a combination for tuning . Another key advantage 
balance the inputs to the modulator as the wavelength is of splitting the gain section into the upper and lower arms , 
tuned , as aging occurs , with changes in environment con - as described later , is that the mirror characteristics and even 
ditions and other factors . For certain application the com - the tunable wavelength control signal programming map can 
plexity of the transmitter can be reduced by not using 55 be obtained by blanking out one arm while the other is 
intermediate phase or gain blocks . The modulator , and MZM measured . This is a significant advantage over the present 
interferometric modulator shown in FIG . 5 , does not have an state of the art in that the full characteristics of the tunable 
input optical splitter as is used in prior state of the art , which laser can be measured by observing the signal only at the 
is a significant advantage in modulator length and power modulator output port and controlling combinations of the 
balancing as well as quality of laser SMSR and other 60 various gain and amplifier sections in the upper and lower 
parameters modulated by the modulator . The modulator is arms as well as the mirror tuning current , temperature and 
constructed with standard components and controls to allow other parameters . In order to have low threshold currents , 
data ( digital RF ) modulation and biasing of each modulator high laser slope efficiency and high optical output powers it 
arm as well as DC biasing of one arm relative to the other . is desirable to fabricate the U - bend section with well under 
While one DC bias electrode is shown , the design is not 65 3 dB of loss and as close to theoretical and practical values 
limited to this configuration only . The phase and gain blocks were the total loss is given by the straight waveguides , 
connecting the U - laser and MZM can be used to balance the transition regions and U - Turn waveguide . 
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The integrated dual emission laser 102 has a light turning splitter 160 , which is in connection with a laser gain section 

or bending elements 134 which , which are integrated onto 130 , a phase tuning section 138 , and a third mirror 158 . The 
the photonic chip to form the dual output emission laser . mirrors in the Y - brand may be constructed using one of 
This allows for communications between the various ele several known techniques including the sampled grating 
ments of the laser , including but not limited to gain sections , 5 reflectors described above , ring coupled resonators as 
phase tuning sections , tunable mirror sections . The light described above , or other Vernier type reflectors that can be 
turning or bending elements 134 enable the U - laser to tuned with an external control signal such as a voltage , 
communicate to devices connected on the same side of the current or temperature . 
laser , connected to both laser mirrors . Referring now to FIG . 8C , the laser 102 is a two ampli 

A variety of optical integrated elements can be used for 10 tude and phase locked tunable laser , each tunable laser 
the light bending section 134 . The waveguide can be formed having first and second mirrors 126a , 126b , 124a , 124b , 
into a U - shape , as shown in FIGS . 5 and 6 , or other which are connected to waveguides 110 , 112 , which are in 
configurations are possible , including , but not limited to , connection with phase tuning sections 138a , 138b , laser gain 
total internal reflection ( TIR ) mirrors , curved waveguides , sections 130a , 130b , and phase locker 162a , 162b . The 
and free - space etched gap mirrors . These reflection tech - 15 tuning sections can be tuned using an applied voltage , 
niques are commonly known by persons having ordinary current or temperature depending on the material system and 
skill in the art . Techniques for designing and fabricating TIR design . 
mirrors and deep etch and partially etched bends in indium The present invention , as described herein with reference 
phosphide PICs can be found in Summers , et al . , " Concave to FIGS . 3 - 8 , is directed to a means to connect usable output 
Low - Loss Total Internal Reflection Mirrors in Indium Phos - 20 waveguides from other photonic circuit elements and func 
phide for High Fabrication Tolerance , ” Conference Paper , tion , to both laser mirrors of a laser ( or multiple facets from 
Conference on Lasers and Electro - Optics , Baltimore , Md . , more than one laser ) so that multiple benefits may be 
May 6 , 2007 , Integrated Optics ( CTUH ) ; and Nicholes , et . realized over connecting only one primary laser output . 
al . , “ An 8x8 InP Monolithic Tunable Optical Router ( MO - These benefits include but are not limited to : 
TOR ) Packet Forwarding Chip , ” Journal of Lightwave Tech - 25 Extracting maximum optical power from the laser ; 
nology , Vol . 28 , Issue 4 , pp . 641 - 650 ( 2010 ) . Reducing tradeoffs that normally result in asymmetric 

Referring now to FIG . 7 , the integrated dual emission laser mirror design ; 
laser 102 shown in FIG . 6 is shown , having a pair of total Reducing the number of elements and element tradeoffs , 
internal reflection ( TIR ) mirrors 150 , 152 , for the light required to connect the laser to multi - port devices , for 
bending section 134 . With this invention , the output power 30 example the input power splitters for interferometric optical 
from both laser mirrors can be directed to a usable output data modulators as well as other examples . 
connection from the laser or directed to further devices Enabling the benefits of a pi phase shift ( or other amount ) 
integrated on the same chip as described above . Using a pre - biasing of the optical phase into two paths of the 
U - shaped - like device , where power from both mirrors is subsequently connected element separately from the two 
utilized , the two laser mirrors can be designed with a 35 mirrors , like optical data modulators , without the normal 
roughly equal reflectivity that is chosen to maximize the tradeoffs of engineering an asymmetric device like an asym 
output power while keeping the laser threshold current low metric MZM including increased losses ; and 
and maintaining wide tuning range with high side mode E nabling post laser power balancing or power monitoring 
suppression ratio and power across the tuning range . This or other elements to be placed before a connected element , 
ability to design a symmetric mirror laser provides multiple 40 like an optical data modulator , without requiring additional 
critical performance and characterization and measurement power splitters . 
advantages over previous designs that employ only one laser Enabling measurements of all laser components using the 
mirror for output and modulation . In order to have low single modulator output including the reflectivity spectra of 
threshold currents , high laser slope efficiency and high each mirror independently as a function of mirror tuning , 
optical output powers it is desirable to fabricate TIR mirrors 45 tuning of adjacent components to the mirrors , chip tempera 
with well under 1 dB of loss and as close to theoretical and ture and mirror heating , crosstalk , mirror aging and reliabil 
practical values of under 0 . 25 dB per mirror , where the total ity , SOA booster gain spectra , gain spectra for each arm of 
loss is given by the horizontal and vertical waveguides as the laser . The present invention also enables using measure 
well as the mirrors that construct the U - turn section . ments of mirror reflectivities using the modulator output to 

Referring now to FIGS . 8A , 8B , and 8C , various embodi - 50 calibrate and program the tunable laser , as well as conduct 
ments of the integrated dual emission laser 102 are shown . burn in and aging and reliability testing of the laser tuning 
As shown in FIG . 8A , the laser 102 is a tunable resonant ring properties as well as calibration of the modulator as the laser 
laser with resonant rings of different diameters , each acting is tuned . This ability to measure the reflectivity of each 
as a mirror , to produce the Vernier effect with a phase tuning mirror without interference from the other mirror or gain 
element for wavelength tuning , that is tuned with voltage , 55 section using the single MZM output is a significant 
current or temperature . One or more gain elements are improvement over the prior art and leads to dramatic reduc 
located on the straight portion of the U - Bend waveguide that tion in assembly , testing , characterization time and cost or 
acts as a coupling bus to the resonant rings and whose two manufacturing . 
outputs form the two emission outputs that communicate to Additional advantages for the present invention include 
the interferometric , MZM or other dual port modulator 60 integration of a semiconductor laser , including tunable semi 
inputs . The laser 102 shown in FIG . 8A has a waveguide 110 conductor lasers , with an optical data modulator and other 
in connection with a laser gain section 130 , which forms a integrated optical elements . This integration leads to lower 
U . Two phase tuning rings 154 , 156 are in connection with cost , lower power dissipation and power consumption , 
the waveguide 110 to provide the dual output 104 , 106 . smaller laser and transmitter size and area , more transmitter 

Referring now to FIG . 8B , the laser 102 is a tunable 65 devices from a wafer , higher yield and higher performance 
Y - laser having first and second mirrors 126 , 124 , which are in a tunable optical transmitter . The invention can also be 
connected to waveguides 110 , 112 , and a power combiner readily integrated with a Mach - Zehnder Modulator ( MZM ) . 
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The usefulness and functionality of MZM ' s in combination tunable lasers instead of just one laser output facet making 
with tunable lasers is well known in the art . The U - laser laser more efficient use of the generated light . 
takes up less space along the length of the chip , so there can The second aspect of this invention is a U - laser that is 
be more devices per wafer and each transmitter is lower designed so that both laser facets are used by subsequent 
aspect ratio than prior art . The device is more " square , ” 5 devices on the same integrated circuit , where the light from 
meaning it has a lower aspect ratio . Devices with a high both laser facets is directed in the same direction and 
aspect ratio can be damaged more easily in handling , espe - coupled directly to a subsequent two - port device like a 
cially InP devices , so having a lower aspect ratio or more Mach - Zehnder Modulator . 
being squarer is a benefit . Devices that are squarer are also A third aspect of the present invention is the ability to 
easier to layout during mask and fabrication and fit more per 10 have independent power monitoring , attenuation , gain or 
usable area on the wafer . Electronic devices / chips are mostly other adjustment elements placed after each laser mirror . 
square . The present invention allows for transmitter chip A fourth aspect of the present invention is to allow each 
footprint that is squarer than the prior art , which is high of the output mirrors to be designed to maximize the 
aspect ratio ( long and thin ) . For indium phosphide and other transmission power while maximizing the SMSR and other 
brittle materials that are used , having more square means 15 factors normally traded off with change in mirror reflectivity , 
less chance of breakage and higher yield during handling including but not limited to SMSR , chirp control , free 
than the prior art high aspect ratio ( long and thin ) devices . spectral range , tuning range and laser line width . 
Having a squarer device like the present invention also A fifth aspect of the present invention is direct connection 
allows more devices to be laid out on a mask and chip than of both laser facets to the modulation arms optical data 
the higher aspect ratio prior art and the more square form 20 modulator eliminating the need for a first power splitter and 
factor is more compatible with the semiconductor electron - increasing the power input to the optical data modulator 
ics industry where almost all chips are square . So higher through the reduction of waveguide length and s - bend or 
yield , less breakage , more devices on wafer and compat - turning losses normally required after the splitter and remov 
ibility with electronics processing are advantages of the ing the fabrication tolerance that exists when making and 
present invention . These are other advantages of the U - Laser 25 using power splitters as interferometric modulator input 
and the U - Laser integrated with an MZM modulator splitters . The actual mirrors of the U - laser can be grating 

The semiconductors that form the basis of the present based mirrors or can be reflections based on other resonator 
invention , can be comprised of , but not limited to , indium elements such as , but not limited to , cascaded ring resona 
phosphide ( InP ) , silicon , and / or glass . The present invention tors , as shown in FIG . 3 . 
describes an over laser design for integrated photonic cir - 30 A sixth aspect of the present invention is the ability to bias 
cuits , and today one of the predominant materials system to one of the Mach - Zehnder arms relative to the other arm , for 
realize such a device uses indium phosphide semiconductor example with a half wavelength phase shift , by setting back 
based waveguides for the laser and the Mach - Zehnder one mirror relative to the other mirror along the output 
Modulator . Fabricating the Mach - Zehnder Modulator in waveguides enabling functions like zero bias Mach - Zehnder 
indium phosphide is desirable due to the short length and 35 Modulators that allow negative chirp driving with lower loss 
compact size and full compatibility with the tunable laser without the disadvantage associated with fabricating MZM 
and an optical amplifier . Other approaches like silicon arms of different lengths . 
photonics can also be used to realize the present invention A seventh aspect of the present invention is to allow the 
allowing higher volume commercial fabrication foundries to reflection characteristics of both mirrors to be measurable at 
be employed , however today silicon photonics requires 40 the modulator output using the same measurement system or 
indium phosphide to be employed in various regions of coupled fiber . The present invention provides access to each 
tunable lasers and amplifiers to enable required optical gain . mirror such that they can be measured independently , at the 
An important consideration when designing waveguide opti - same modulator output , by turning on the booster amplifier 
cal data modulators , is the electronic tuning of these wave - associated with the mirror to be measured while turning off 
guides in order to modulate the light , which is most efti - 45 the gain section in the other arm ( making it absorbing ) such 
ciently achieved by designing the bandgap of the modulator that the booster amplifier emission spectrum is reflected off 
semiconductor waveguides close to the tunable laser oper - the mirror to be measured , without interference from the 
ating wavelengths and doping the modulator semiconductor other mirror . Since the booster amplifier is fabricated mono 
waveguide in order to utilize both electrical carrier based lithically on the same chip as the laser gain sections , this 
and electric field modulation effects for biasing and driving 50 measurement has the advantage that the gain peak and shape 
the modulator . While this approach leads to efficient com can be measured and characterized relative to the mirror 
pact optical modulators , there is a tradeoff with absorption reflection peaks and changes in both can be measured as 
loss of the optical signal that depends on the waveguide functions of temperature , mirror tuning , amplifier gain , 
electrical bias and also a wavelength dependence of the aging , etc . and each mirror measured by switching to the 
electrical drive signal . Overall loss can be reduced by 55 other arm and performing the steps described above . 
integrating the laser with the optical modulator and an An eighth aspect of the present invention is to utilize 
optical amplifier to boost the signal . Other important aspects multiple gain sections in the laser cavity , as shown in FIGS . 
of integrating a tunable laser with an optical Mach - Zehnder 6 - 7 . Forming multiple gain sections is advantageous because 
Modulator includes the wavelength dependence of the elec - it enables the U - shaped laser cavity to be designed as short 
trical modulation drive signal that can be handled by using 60 as possible , where the shorter cavity increases the Fabry 
a lookup table or similar approach to store MZM electrical Perot mode spacing and hence reduce the number of Fabry 
drive values as a function of laser output wavelength . Perot modes that coincide with the tuned filter wavelength , 
Wavelength adjustment of the electronic signals also can be improving the tuning resolution , accuracy and stability . 
tuned to adjust bias , modulated extinction ratio , chirp and A ninth aspect of the present invention is to enable the 
other parameters of the optical signal . 65 electrically controlled elements of the laser , the modulator , 

A first aspect of the present invention is the use of two or and the other control an monitoring elements , to be fully 
more output laser facets of one laser or multiple locked controlled by an external programmable electronic control 
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system , for example an FPGA and analog / digital and RF are used as the modulator arms with metal electrodes 
interfaces , to fully characterize , program , map , tune , and deposited for RF modulation . The modulator mask is not 
operate the laser and modulator and complete transmitter via shown in this figure nor is the portion of the mask with the 
information from the output fiber and the electrical connec external phase and gain sections between the laser and the 
tions in the manufacturing , test , qualification , burn in , reli - 5 modulator . 
ability and customer environments . The ability to probe all Referring now to FIGS . 10A , 10B , and 10C , images of a 
aspects of the device in this manner is a significant improve fabricated U - laser with TIR mirror based U - Turn are shown . 
ment over the prior state of the art . FIG . 10A shows a magnified optical microscope image of 

Another embodiment of the invention is shown in FIG . 9 . the TIR mirror U - Turn to the left of the gain sections 
Referring now to FIG . 9 , a U - laser mask layout of the 10 illustrated in FIG . 7 . FIG . 10B is an image of a scanning 
embodiment illustrated in FIG . 7 is shown in order to electron micrograph of the reflecting face of the TIR mirror 
illustrate some common design points and considerations . formed using a deep etch process . FIG . 10C shows a 
The horizontal optical waveguides to the right or the mirrors completed photonic integrated circuit ( PIC ) transmitter 
provide the tunable two emission outputs . The horizontal based on one embodiment of the present invention , with the 
optical waveguides to the left of the gain sections turn 180 15 a TIR mirror based U - Laser on the left hand side of the PIC . 
degrees using a pair of TIR mirrors and a vertical wave - Referring now to FIGS . 11A and 11B , images of lasers , as 
guide . The horizontal optical waveguide run the length of illustrated in the embodiments shown in FIGS . 5 and 6 are 
the upper and lower halves of the U - Laser . The two gain shown . FIG . 11A shows a fabricated U - turn used as the 180 
sections , of 200 micrometers and 350 micrometers in length degree light bending section 134 . FIG . 11B is an image 
provide a total gain when biased to overcome all the losses 20 shown the transition region of the waveguide , and the 
in the laser including waveguide loss , TIR mirror and fabricated light bending section 134 . According to the 
tunable mirror loss and other loss mechanisms . The trap embodiment shown in FIGS . 11A and 11B , the waveguide 
ezoidal shapes over the waveguides in the gain sections are can be deep etched or otherwise etched to fabricate the laser 
the active gain regions in the III - V InP semiconductor , where with the requirement that the U - Turn should have low loss , 
for this embodiment offset quantum wells are used to 25 under 3 dB and preferably under 2 dB so that the gain 
provide gain . The waveguide regions under the mirror sections can run a low current and the laser exhibits a low 
sections are passive waveguides without quantum wells , that threshold current ( preferably under 30 or 20 mA ) and high 
have had grating bursts etched partially into the waveguides , optical output power from both emission ports or facets , 
seen as vertical lines across the waveguide , to form mirror greater than 5 - 10 dBm total across all tuning wavelengths . 
1 and mirror 2 . The remainder of the waveguides , under the 30 As shown in FIG . 11A , the laser 110 is ridge etched to form 
phase section and in the regions not covered are passive . The the waveguide 110 , 112 , the U is made with a deep etched 
large square structures to the top and bottom of all sections waveguide . However , as will be understood by those of skill 
are metal contact pads to connect current to each section to in the art , the laser 102 can be fabricated all or in part with 
provide gain current injection or mirror or phase tuning to deep etching of the waveguide , or other fabrication methods . 
tune the wavelength . 35 FIG . 11B shows a completed fabricated transmitter based on 

While the embodiment described here is a III - V InP based a deep etched curved waveguide U - Turn with the U - laser on 
integration of the U - laser and MZM , other material and the left side of the PIC . 
integration systems can be used to realize the present The U - laser may be used with the modulator disclosed 
invention . The present mask in FIG . 9 illustrates the basic below , or with any other modulators known in the art . 
components of fabricating a U - Laser using TIR turning 40 Modulator 
mirrors and two output facets with mirrors that tune the Modulators are well - known in the art as described in U . S . 
wavelength , in coordination with tuning the phase section , Pat . Nos . 6 , 628 , 690 and 7 , 633 , 988 , herein incorporated by 
based on the Venire effect . For the InP III - V material system reference in their entirety . 
processed with this mask and fabrication experimental The present invention provides a device , means and 
results shown in Figures below , a base epitaxial wafer was 45 method to provide an integrated solution to transmit data 
grown with an n - doped semiconducting InP substrate , fol - over an optical fiber using a widely tunable semiconductor 
lowed by a 1 . 40 InGaAsP waveguide layer , followed by a laser , where the emission wavelength is determined by 
7 layer offset quantum well structure designed to provide programming the laser and an integrated data modulator 
optical gain in the C - band , followed on top by a P - doped InP whose function is modulation of the data onto the laser 
cladding layer , then a P - doped InGaAs metal contact layer . 50 output wavelength using an interferometric Mach - Zehnder 
The mirror gratings were defined in the passive ridge Modulator , which itself can be programmed using test and 
waveguides in the mirror locations using ebeam lithography . calibration data in coordination with control circuits and 
The ridge waveguides and deep etch U - bend and TIR lookup logic like an FPGA to support tunable wavelength 
mirrors were dry etched with a wet etch clean up on the ridge transmission as well as desired transmission modulation 
waveguides with the deep etches protected . The waveguides 55 characteristics that change with wavelength and environ 
and field regions were covered with silicon nitride , and mental and operating conditions and aging . 
where metal contacts needed to be made on the gain , phase FIGS . 5 - 8 and 14 - 16 show versions of the modulator 
and mirror sections , vias were etched on top of the ridge according to the present invention . The new modulator 
waveguide and a cap InPlayer removed to expose the design is based in part on prior art MZM designs , with the 
InGaAs contact layer for metal pad deposition . The final 60 first portion of prior designs eliminated , primarily the input 
wafer was thinned to approximately 100 microns and a splitter and the s - bend waveguides normally associated with 
backside metal layer was deposited , allowing each section to an MZM or other interferometric structure . Referring now to 
be operated as a forward bias PN junction . Monitor photo - FIGS . 5 - 8 , the modulator comprises two inputs that are 
diodes are fabricated with metal contacts and are run in directly connected to both optical emission facets of a 
reverse bias . The MZM modulator is fabricated by adding a 65 U - laser , using straight waveguides , or other laser structure 
layer of BCB under the metal contacts to decrease the with both facets made available in the same direction either 
capacitance , and very narrow , about 2 . 5 micron wide , ridges by laser design or using a waveguide turning technique 
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explained above ( e . g . TIR mirror or waveguide bend ) . The grated laser , having a first optical emission port and a second 
two modulator arms serve as the direct inputs and can optical emission port , that have been designed to emit 
contain one or more of the following elements , optical approximately equal powers , wherein the first optical emis 
amplifiers , optical isolators , optical power monitors , optical sion port is in communication with a first coherent modu 
DC phase control sections , optical RF modulation sections 5 lator , and the second optical emission is in communication 
( lumped or distributed or traveling wave ) . The waveguides with a second coherent modulator . The first and second 
for the two inputs to the MZM are fabricated with a material modulators communicate with the transmitter first and sec with a bandgap that ideally is greater than the light to be ond outputs , output 1 and output 2 , respectively . The modu modulated . In the case of a semiconductor transmitter , this lators are connected via waveguide that employ turning is achieved by using epitaxially grown material structure 10 elements like TIR mirrors in order to balance path lengths that contains a waveguiding layer that is designed with the and losses between the laser output emission ports and each correct bandgap , or a layer that is made to be transparent modulator . Additionally gain elements can be placed using techniques like quantum well intermixing ( to shift the between the laser emission ports and the modulators to band edge ) . The input waveguides ideally should have a 
strong electro optic effect . in other words the index of 15 balance the power . In order to increase the capacity of the 
refraction should vary strongly with an applied electric field transmitter output , one approach is to combine to indepen 
or current , in order to keep the modulator arms and modu - dently modulated polarizations , from the same tunable laser , 
lating electrodes as short as possible . This is a key design into the fiber . This can be done on the integrated chip using 
consideration for keeping the capacitance and resistance low polarization splitter , combiners and rotators and is compat 
for high speed modulation , for keeping the absorption as low 20 ible with the present invention . Or as shown in FIGS . 14A 
as possible with a high strength phase modulation , and and 14B another embodiment is to use external bulk optical 
ensuring that the desired physical effects are employed for components to collimate two separately modulate data out 
zero chirp or negative chirp transmission ( preferred chirp p uts in the same polarization , then use lenses to collimate the 
parameters for most deployed fiber ) . light and external polarization rotation on one port to create 

The modulators according to the present invention pref - 25 one output as TE and the second output as TM polarized 
erably eliminate the power splitting portion used in prior art light , followed by a polarization beam combiner and a lens 
modulators . The modulators according to the present inven - to focus the combined light into the fiber . The embodiment 
tion have multiple advantages in that tradeoffs are reduced shown in FIGS . 14A and 14B show nested Mach - Zehnder 
by the elimination of the power splitter . The power imbal - modulators that allow the optical signal to be modulated in 
ance , fabrication tolerances and other factors that lead to 30 both amplitude and phase as well as providing two MZM 
performance degradation due to power splitter imperfections modulators inside each arm to allow modulation between 
and operating conditions ( like environments and tempera - two constellation phase / amplitude points per bit period . The 
ture changes ) is greatly reduced in the devices of the present use of 2x2 multi - mode interference couplers as power 
invention , making the devices of the present invention more combiners and splitters has the added advantage of provid 
robust . Elimination of the first power splitter also allows for 35 ing the necessary a phase shift required in a coherent nested 
each arm in the interferometer to be adjusted by physically MZM modulator . In this manner , for example , each modu 
placing the laser mirrors at optimum positions with respect lator can be run at 25 Gbps , resulting in 50 Gbps per nested 
to the MZM elements . It should be noted that the length of modulator and using two polarization states yields 100 
the MZM modulator is much shorter than the prior art that Gbps . As shown in FIGS . 14A and 14B , the output wave 
uses an input splitter and the bending losses typically 40 guides are separated enough to accommodate communica 
associated with using an input splitter are eliminated as well tion to external optical elements for one or two outputs , such 
as the extra losses incurred by the post splitter bends and as collimating lenses , optical isolators , polarization rotators , 
waveguide length used in prior art , all lead to a significantly splitters and combiners , wavelength lockers , fiber focusing 
reduced overall modulator loss and higher transmitter output optics , etc . These bulk external components occupy space , 
power . The preferred prior art configuration , which uses an 45 typically between 1 mm and 2 mm in width , so the wave 
asymmetric MZM design results in increase loss due to guides at the output need to be separated to accommodate 
s - bends or other elements used to make one modulator arm these elements . The present invention enables this accom 
longer than the other . Other techniques to imbalance the modation without subsuming large chip area on the wafer 
modulator to yield certain preferred performance character and allows a design with a tightly folded structure . Another 
istics like negative chirp , and result in degradation of other 50 advantage of the device shown in FIG . 14A is that it is long 
characteristics . The present invention greatly reduces these and narrow and maximizes the number of devices that can 
tradeoffs . be positioned on a wafer . FIG . 14B shows an alternate 

For certain applications , particularly new high speed embodiment where the two output emission ports of a 
applications like 100 Gbps , 200 Gbps , 400 Gbps , 800 Gbps U - laser are directly connected to the input ports of two 
and faster , coherent communications is an important way to 55 nested MZM coherent data modulators , effectively yielding 
increase the capacity per transmitter and improve the spec - the same operation as that described for the embodiment in 
tral efficiency and reach of transceivers and transmitters . FIG . 14a . 
Coherent communication requires transmission of signals Referring now to FIG . 15 , an optical device is shown 
where the phase , amplitude or both are modulated at the having further details of the coherent nested modulators and , 
transmitter . As the cost of these high speed coherent trans - 60 which are connected to a dual output balanced laser and 
mitters are relatively high , using a tunable laser is critical to output 1 and output 2 , respectively , shown at a higher level 
keeping the overall deployment and operation and mainte - in FIG . 14A . 
nance costs down by providing fewer parts and easier Referring now to FIG . 16 , another embodiment of an 
sparing and replacement as well as real time network optical device is shown having further details of the coherent 
configuration by wavelength control . 65 nested modulators and which are connected to a U - laser and 

Referring now to FIG . 14A and FIG . 14B , an optical output 1 and output 2 , respectively , shown at a higher level 
device comprising a monolithically widely tunable inte in FIG . 14B . 
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U - Laser in Combination with Modulator components on the chip , the tuning characteristics , devia 
Integration of a tunable laser onto a common substrate tions from intended designs , and aging and reliability issues 

with a MZM optical data modulator and semiconductor of the mirrors . This technique also allows the gain to be 
optical amplifier is well known in the art . There have been measured at the single MZM output . Control of the laser an 
multiple embodiments of wavelength tunable lasers with 5 modulator from a programmable electronic system with 
Mach - Zehnder Modulators and semiconductor optical optical diagnostic tools interfaced to the modulator output 
amplifiers . In addition to monolithic integration of the provides a much more powerful and manufacturable way to 
tunable laser with the optical data modulator , there are program , characterize , test integrated tunable transmitters 
characteristics of the transmitted optical data bits that need than prior art where this function is much more difficult to 
to be controlled , typically at the modulator , in order to 10 do in a production line or cannot be done due to the 
transmit at rates of 10 gigabits per second and higher over transmitter and laser design . 
transmission distances greater than several hundred meters According to another embodiment of the invention is a 
using standard single mode optical fiber that is predominant U - Laser configuration with a dual input MZ modulator . 
type in the ground today . Key transmission characteristics Other U - laser versions can vary mirror reflectivity amplitude 
that should be controllable include the modulated signal 15 and / or phase statically or as a function of length , mirror 
optical chirp , extinction ratio , optical signal to noise ratio as period , number of bursts and other mirror parameters num 
well as fiber coupled optical power . Control of these param - ber of gain sections and gain section lengths , and TIR mirror 
eters is essential to cost effectively ensuring that optical data design , aspects which have been published in the public 
launched into the fiber at the transmitter arrive at the literature . Passive sections and SOAs after tunable mirrors 
receiving end with as little shape distortion as possible , as 20 can be used to balance the power and shift the phase in both 
much signal as possible and as little noise as possible for all arms before the MZM and the appropriate optical isolator 
of the tuning wavelengths . Additionally , the temperature technology employed to minimize reflections back into the 
dependence of these characteristics must be minimized and laser . The integration platform should minimize the reflec 
controlled to enable operation in real environments . tions back into the laser that can be achieved by matching 

FIG . 10C is an image of a complete fabricated transmitter 25 the effective index of the mode in each laser and subsequent 
consisting of a TIR mirror based U - laser , a MZM with DC waveguide sections . 
Bias and Modulator Data and Data _ Bar electrodes , phase The present invention overcomes this limitation by uti 
bias and gain sections connected to both laser emission lizing both laser outputs for data modulation , by connecting 
outputs and both MZM inputs , and two output waveguides , both mirrors to the modulator , and therefore the mirrors can 
one for connection to external optical components including 30 be designed to be more equal with each mirror designed for 
the fiber and the other with a power monitor electrode as a desired balanced output power as well as SMSR and laser 
illustrated in FIG . 7 . It should be noted that the length of the line width . Therefore , another aspect of the present inven 
MZM modulator is much shorter than the prior art that uses tion is the integration of the laser with an optical modulator . 
an input splitter and the bending losses associated with the The present invention describes a new laser and tunable 
input splitter as well as the extra waveguide length signifi - 35 laser design approach wherein a widely tunable semicon 
cantly reduces the overall modulator loss . ductor laser is constructed in a novel U - shape and the 

To facilitate control of chirp and extinction ratio , the invention is then further implemented as another aspect of 
Mach - Zehnder indium phosphide modulator has various the invention , by monolithic integration on a common 
parameters designed including a phase offset in one modu - indium phosphide substrate with a Mach - Zehnder Modula 
lator arm relative to the other modulator arm to enhance 40 tor that is connected to and driven by more than one of the 
negative chirp characteristics with high extinction ratio . The laser output facets . The advantages of designing a U - shaped 
optimization of interferometer biasing and other drive con - widely tunable laser and utilizing both laser facets in the data 
ditions is known . Integration of the widely tunable wave - modulation , by connecting each facet to one of the modu 
length Sampled Grating Distributed Bragg Reflector laser lator inputs , allows the tunable laser mirrors to be designed 
has also been reported and with an external Mach - Zehnder 45 to each reflect approximately 50 % of the optical power , 
Modulator . allowing the SMSR out of each facet to be maximized and 

Referring now to FIG . 12A , data from a completed coupling the output power from each facet into the modu 
transmitter with U - laser and showing the main peak from a lator without requiring one of the mirrors to be low reflec 
laser output is shown . As shown in FIG . 12A , unwanted tivity for maximum laser output power . Further integration 
peaks from the laser are better than 55 dB down from the 50 of the laser with modulator by directly connecting both laser 
main peak . Referring to FIG . 12B , the tuning of laser outputs output ports to what would normally be the mid - stage 
at various wavelengths is shown . This figure illustrates the section of a Mach - Zehnder Modulator is non - obvious and 
improvement in output laser quality for a balanced tunable has multiple advantages over prior art as described in more 
mirror design over the prior art that uses asymmetric mirror detail below . Since both facets of the laser are used for 
reflectivities . 55 transmission through the optical modulator , both mirrors can 

Referring now to FIG . 13 , the emission spectra of the laser be designed for maximum power transmission and allowing 
output as a function of wavelength and temperature is high side mode suppression ratio to be reached with high 
shown . An advantage of the current invention is that either output power . 
arm of the laser can be tuned by shutting down a gain block As discussed above , a drawback of many of prior designs 
on either arm and the reflectance from the output port can be 60 is the use of two splitters or multi - mode interference ( MMI ) 
observed and / or monitored . Accordingly , the laser can be couplers to take the laser output from one facet , and via a 
tuned and monitored in a way that is exceedingly difficult for waveguide inline with the laser , split into two arms of optical 
a single output laser . This advantage of the present invention waveguides that contain the modulation elements and then 
greatly improves the ability to fully characterize the optical combine the signal to the output using a second MMI . The 
qualities of the laser by monitoring the modulator output 65 fabrication of MMI and other splitter structures is very 
including the mirror reflectivity spectra for each mirror susceptible to fabrication tolerances and the output of a 
independently , the dependence on temperature and other Y - branch splitter is difficult to control to exactly 50 / 50 . 
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These imbalances can depend on the MMI or Y - branch unknown processing errors in splitting ratio and reduce 
width or length of coupling region , over etching of the aspects of the transmitter performance like extinction ratio 
sidewalls , and other process variations and changes in and optical signal to noise ratio ; 
temperature . Additionally , the added length and loss asso - A third aspect of the present invention is integration of the 
ciated with S - bands and increased waveguide lengths or 5 Mach - Zehnder Modulator without the traditional first split 
other bending structure , makes the present invention a lower ter / combiner with a wide variety of tunable laser designs , 
loss optical data modulator due to its direct connection via particularly designs that inherently have two or more readily 
straight waveguides to the two output emission ports of the accessible output ports in the same directions ; 
tunable U - laser . A fourth aspect of the present invention is to provide a 

The first part of this invention is a means , method and 10 novel tunable laser design , the U - Laser , that is well matched 
apparatus to modulate a tunable laser using a Mach - Zehnder with the requirements for the modulator portion of the 
Modulator where the two primary arms of the modulator are present invention ; 
connected to two or more laser facets instead of the prior art fifth aspect of the present invention is the ability to 
that connects the Mach - Zehnder Modulator to one laser adapt the Mach - Zehnder Modulator arms to connect to 
facet . The connection of the Mach - Zehnder Modulator to 15 facets that are in counter directions by employing well 
two or more tunable laser facets is described for a variety of known reflection techniques like total internal reflection or 
tunable laser structures . The second part of this invention air gap mirrors , where these mirrors can also be employed 
provides a means , method and apparatus for a tunable laser to serve other beneficial functions like power monitoring 
structure configured in a U configuration that provides the taps ; and 
direct connection of two laser facets to the Mach - Zehnder 20 A sixth aspect of the present invention is to allow adjust 
Modulator , where the U - Laser can be realized as a stand - ment of one of the two arm paths in the Mach - Zehnder 
alone semiconductor laser component on one substrate or Modulator by designing the wavelength distance difference 
preferably the U - Laser is integrated onto the same substrate from the two or more laser facet outputs , to result in the 
as the Mach - Zehnder Modulator , realizing the benefits of the well - known advantage of introducing a differential phase 
fully integrated structure . Additionally , a means for integrat - 25 shift between the arms to yield negative frequency chirp in 
ing a semiconductor optical amplifier onto the same sub - modulators that employ the quantum confined stark effect 
strate as the tunable laser and Mach Zehnder Modulator is for modulation . The initial separation of the two Mach 
disclosed . Zehnder arms from two or more laser facets enables con 

The bias and drive electrode configuration of the optical trolled chirp and phase control required for coherent modu 
MZM is very important to lower power designs that use low 30 lation techniques are readily employed in these structures . 
voltage drive signals , particularly important for CMOS A seventh aspect of the present invention is the greatly 
direct drive circuits and lower power dissipation electronics reduced length of the MZM modulator over prior art MZMs 
in general . The most common configuration uses 4 RF that uses an input splitter as well as the elimination of 
electrodes , two per MZM arm , that act as two sets of series bending losses associated with using an input splitter . The 
push - pull electrodes . The 4 electrode push - pull configura - 35 present invention further reduces the modulator optical 
tion allows driving the modulator at a given bandwidth at losses by eliminating almost a third of the waveguide length 
half the drive voltage compared to using a non - push - pull or in a traditional MZM due to the material , waveguides and 
single arm drive configuration . post splitter bends . There the present invention leads to a 

It should be noted that the implementation of the U - Laser significantly reduced overall modulator loss , better extinc 
and Mach - Zehnder Modulator are not limited to solely the 40 tion ratio and signal to noise ratio and higher transmitter 
indium phosphide material system . Other embodiments can output power . 
include silicon photonics , silicon photonics combined with The modulator may be used with the U - laser , as disclosed 
indium phosphide and combination of these semiconductor below , or with any other lasers known in the art that can 
systems with glass based and silicon nitride based wave present two optical emission outputs or facets to the present 
guide systems . 45 modulator invention inputs . 
Each invention may be used with the other , and other While the foregoing written description of the invention 

modulators and / or lasers may be used as well with the enables one of ordinary skill to make and use what is 
corresponding inventions . For example the two normally considered presently to be the best mode thereof , those of 
unused outputs of a Y - branch tunable laser may be used with ordinary skill will understand and appreciate the existence of 
the present modulator design . The two output buses of a 50 variations , combinations , and equivalents of the specific 
tunable ring resonator based laser may be connected to the embodiment , method , and examples herein . The invention 
present modulator design . Alternatively , the two outputs should therefore not be limited by the above described 
from the U - Laser may be connected directly to the two buses embodiment , method , and examples , but by all embodi 
of a ring resonator based modulator , two independent electro ments and methods within the scope and spirit of the 
absorption modulators ( EAMs ) . 55 invention 

The present invention overcomes limitations of prior and 
related art for wavelength tunable transmitters with the The invention claimed is : 
tunable laser and Mach - Zehnder Interferometer Modulator 1 . A monolithically integrated laser comprising : 
and / or semiconductor optical amplifiers for the following an integrated dual optical emission port laser having a first 
reasons : optical emission port and a second optical emission 

A first aspect of the present invention is use of two or port ; and 
multiple facets of one or more tunable lasers instead of just an internal light bending section configured to bend light 
one laser output facet making more efficient use of the from one of the first optical emission port and the 
generated light ; second optical emission port into the other , the first 

A second aspect of the present invention is minimizing the 65 optical emission port having a substantially balanced 
use of multimode interference power splitters / couplers or laser output with respect to the second optical emission 
other splitters / combiners designs , which are often sources of port , 
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wherein both the first and second optical emission ports of 14 . A coherent transmitter comprising : 
the integrated dual optical emission port laser are in an integrated dual optical emission port laser having a first optical communication with a modulator comprising optical emission port and a second optical emission two arm paths , port ; wherein the first optical emission port and the second 5 
optical emission port are directly coupled to the two an internal bending section configured to bend light from 
arm paths of the modulator , respectively , without one of the first optical emission port and the second 
requiring use of an input splitter , the two arm paths of optical emission port into the other , the first optical 
the modulator each being configured to have a phase emission port having a substantially balanced laser 
section and a gain section , output with respect to the second optical emission port ; 

wherein the integrated dual optical emission port laser has and 
a balanced power output , and a first modulator on a first arm path and a second wherein a mirror of an output of the first optical emission modulator on a second arm path , the first arm path and port is offset relative to an output of the second optical the second arm path each being configured to have a emission port by a pi phase shift . 15 

2 . The monolithically integrated laser according to claim phase section and a gain section , 
1 , wherein the internal light bending section comprises wherein the first and second modulators are directly 
curved waveguide in the form of a U - shape or a similar coupled to the first optical emission port and the second 
shape to result in a bend of approximately 180 degrees . optical emission port , respectively , without use of an 

3 . The monolithically integrated laser according to claim 20 input splitter , and the integrated dual optical emission 
1 , wherein the internal light bending section comprises a set port laser has a balanced power output , and 
of total internal reflection ( TIR ) mirrors combined with wherein a mirror of an output of the first optical emission horizontally and vertically oriented waveguides to result in port is offset relative to an output of the second optical a bend of approximately 180 degrees . emission port by a pi phase shift . 4 . The monolithically integrated laser according to claim 25 
1 , wherein the first and second optical emission ports of the 15 . A monolithic integrated optical transmitter compris 
integrated dual optical emission port laser make efficient use ing : 
of generated optical emissions than a single output laser in a modulator comprising multiple port modulators in com communicating with devices with approximately balanced munication with an integrated dual optical emission optical power output . 30 port laser having a first optical emission port and a 5 . The monolithically integrated laser according to claim second optical emission port , the first optical emission 1 , wherein a wavelength distance difference from the inte port being directly coupled to a first arm path of the grated dual optical emission port laser having the first 
optical emission and the second optical emission results in modulator and the second optical emission port being 
a differential phase shift between the two arm paths of the 35 directly coupled to a second arm path of the modulator 
modulator . without use of an input splitter , the first optical emis 

6 . The monolithically integrated laser according to claim sion port having a substantially balanced laser output 
1 , wherein the integrated dual optical emission port laser is with respect to the second optical emission port , the 
tuned with tunable mirrors and the reflection characteristics two arm paths of the modulator each being configured 
of both mirrors are measurable at an output of the modulator . 40 to have a phase section and a gain section , and the 

7 . The monolithically integrated laser according to claim integrated dual optical emission port laser having a 
1 , wherein an angled waveguide is used to minimize reflec balanced power output , 
tions at an optical emission facet and reduce requirements of wherein a mirror of an output of the first optical emission 
an anti - reflection coating at the first or second optical port is offset relative to an output of the second optical 
emission port . emission port by a pi phase shift . 8 . The monolithically integrated laser according to claim 16 . The monolithic integrated optical transmitter accord 1 , wherein the integrated dual optical emission port laser ing to claim 15 , wherein one of the multiple port modulators comprises a tunable reasonable ring laser . comprises a coherent nested modulator . 9 . The monolithically integrated laser according to claim 
1 , wherein the integrated dual optical emission port laser 50 17 . The monolithic integrated optical transmitter accord 
comprises a Y - laser . ing to claim 15 , wherein the modulator is configured to 

10 . The monolithically integrated laser according to claim generate a quadrature phase shift keying ( QPSK ) optically 
1 , wherein the integrated dual emission port comprises two modulated signal . 
amplitude and phase locked tunable lasers . 18 . The monolithic integrated optical transmitter accord 

11 . The monolithically integrated laser according to claim 55 ing to claim 15 , wherein the modulator is configured to 
1 , wherein mirrors of the first optical emission port and the generate a dual polarization QPSK optically modulated 
second optical emission port are controlled such that widths signal . 
of reflection bandwidth are substantially equal for the mir 19 . The monolithic integrated optical transmitter accord 
rors . ing to claim 15 , wherein the modulator is configured to 12 . The monolithically integrated laser according to claim 60 º generate higher order coherent dual polarization or single 1 , wherein the pi phase shift comprises a half wavelength polarization optically modulated signals . placement shift of the first optical emission port with respect 
to the second optical emission port , without a phase tuning . 20 . A monolithic integrated optical transmitter compris 
element or use of s - bends . 

13 . The monolithically integrated laser according to claim 65 a monolithically integrated laser , modulator and support 
1 , wherein the modulator comprises a half Mach - Zehnder ing monitoring and control elements positioned on a 
Interferometer ( MZI ) modulator . mono - crystalline substrate , 

ing : 
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wherein the mono - crystalline substrate comprises a mate 
rial selected from a group consisting of InP , InGaAsp , 
InGap , GaAs , InGaAs , and Si , 

wherein the monolithically integrated laser includes a first 
optical emission port and a second optical emission 5 
port , and the modulator includes a first modulator and 
a second modulator , 

wherein the monolithically integrated laser further 
includes a light bending section configured to bend 
light from one of the first optical emission port and the 
second optical emission port into the other , the first 
optical emission port having a substantially balanced 
laser output with respect to the second optical emission 
port , 

wherein the first optical emission port and the second 
optical emission port are directly coupled to the first 15 
modulator via a first arm path of the modulator and the 
second modulator via a second arm path of the modu 
lator , respectively , without use of an input splitter , the 
two arm paths of the modulator each being configured 
to have a phase section and a gain section , 

wherein the monolithically integrated laser has a balanced 
power output , and 

wherein a mirror of an output of the first optical emission 
port is offset relative to an output of the second optical 
emission port by a pi phase shift . 

21 . An optical transmitter comprising : 
a hybrid integration of a laser modulator and supporting 
monitoring and control elements in an integrated plat 
form , the integrated platform comprising materials 
selected from a group consisting of InP , InGaAsP , 
InGap , GaAs , Si , SiN3 and SiO2 , 

wherein the laser modulator includes a first modulator on 
a first arm path and a second modulator on a second 
arm path , the first arm path and the second arm path 
being directly coupled to an integrated dual optical 
emission port laser having a first optical emission port 
and a second optical emission port , the two arm paths 
of the laser modulator each being configured to have a 
phase section and a gain section , 

wherein the laser modulator further includes a light bend 
ing section configured to bend light from one of the first 
optical emission port and the second optical emission 
port into the other , 

wherein the integrated dual optical emission port laser has 
a balanced power output , and 

wherein a mirror of an output of the first optical emission 
port is offset relative to an output of the second optical 
emission port by a pi phase shift . 

* * * * * 


