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AbstratThe desire for multi-media ontent and rihly interative data servies is shapinga new era for teleommuniations networks. Future networks will need to be apa-ble of o�ering Triple Play, Internet Protool Television, Video-on-Demand, Voie-over-Internet-Protool and High-Speed Internet Aess, ombined with guaran-teed Quality of Servie. These networks will employ optial transport networkswith wavelength division multiplexing (WDM) tehnology, and advaned mod-ulation formats, in order to ahieve the high apaities required. In addition,given the bursty nature of this data it is expeted that dynami alloation of thebandwidth will be implemented to e�iently use the available apaity. The keyomponent in these networks will be the tunable laser transmitters that generatethe di�erent wavelength pakets. This thesis has explored novel appliations andimplementations of the sampled-grating distributed Bragg re�etor (SG-DBR)laser, in optial WDM metro, and aess networks. Through theory, simulationsand experiments, I have investigated the use of SG-DBR lasers for advaned mod-ulation formats in fast reon�gurable optial networks. Firstly, the phase noiseproperties of the SG-DBR laser and its impats on oherent optial ommunia-tions have been intensively haraterized. Subsequently, I proposed tehniquesto overome these obstales for advaned modulation format ommuniation sys-tems. Finally, the appliation of advaned modulation formats in dynami optialpaket swithing senarios employing SG-DBR lasers have been evaluated.
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IntrodutionDue to the exponential growth of the internet tra� (60% every 18 months),the urrent optial transportation networks are moving towards higher spetrale�ieny ommuniations links with lower lateny. Coherent detetion usingadvaned modulation formats, aompanied by fast re-on�gurable optial net-works, would enable the ability to ahieve this target for future ommuniationsnetworks. In this work, I will extensively investigate the important aspets of fastre-on�gurable optial networks deploying advaned optial modulation formats.The key omponent in suh a network is the fast-wavelength-swithing tunablelaser, partiularly, the Sampled-Grating Distributed Bragg Re�etor (SG-DBR)laser. However, SG-DBR lasers exhibit sophistiated phase noise properties thatwould signi�antly impat the performane of systems using advaned modula-tion formats. This leads to the need for novel signal proessing algorithms andtransmission methods to takle the impat of SG-DBR laser phase noise. Themain ontribution of this researh work an be summarized as below.I �rstly proposed and experimentally demonstrated laser phase noise mea-surement methods to haraterize the SG-DBR laser in detail. From the mea-surement results, I an resolve, and on�rm with the theoretial analysis, thatthe phase/frequeny noise of the SG-DBR laser onsists of: (1) the Shawlow-Townes-Henry phase noise (random-walk proess in phase) with relaxation osil-lation above 5GHz; (2) the �ltered Frequeny Modulation noise (FM-noise) fromthe dynamis of arriers in passive setions; and espeially the low frequeny noiseinluding the �iker 1/f noise and the frequeny random-walk 1/f 2 noise. Theimpat of the di�erent phase noise proesses in optial ommuniation systemswere then arefully examined. I found that the low frequeny noise an lead toinstability of the system performane while the Shawlow-Townes-Henry phasenoise basially de�nes the lower limit for the Bit Error Rate (BER) performaneof the oherent ommuniations systems. I then proposed the use of a seondorder deision-direted phase-loked loop phase traking algorithm to overomethis issue in fully optially oherent ommuniations links. I also proposed twonovel transmission shemes: the self-heterodyne reeiver using phase modulationxvi



detetion tehnique, and baudrate-pilot-aided quadrature amplitude modulationtransmission sheme with diret detetion to e�etively overome the signi�antimpat of the laser phase/frequeny noise in the SG-DBR lasers. Finally, theappliation of the SG-DBR lasers in optial paket swithing networks employingadvaned modulation formats was arefully examined. The baudrate-pilot-aidedquadrature amplitude modulation transmission sheme has proven to be a suit-able andidate for suh a highly dynami system.The struture of this thesis is as follows:Chapter 1 reviews the urrent status of the optial ommuniation networks.Firstly, the fundamental limits of the optial ommuniations links will be revised.Advaned optial modulation formats employing oherent detetion tehniquewhih o�ers high spetral e�ieny and high energy e�ieny are reviewed. Theurrent trend in researh and development of spae division multiplexing systemsare also presented. Finally, reon�gurable optial networks and the appliationof advaned modulation formats in these networks will be disussed.Chapter 2 re-derives the general Shawlow-Townes-Henry phase noise formulafor semiondutor lasers. Based on that I then develop an analytial model forphase noise proesses in monolithi tunable lasers with multi-setions, parti-ularly the Distributed Bragg Re�etor - style lasers. The omplete FrequenyModulation-noise spetrum of a SG-DBR laser is �nally formulated.Chapter 3 proposes and demonstrates the novel delayed-self-heterodyne phasenoise measurement method employing the phase modulation detetion tehnique.The proposed method was then ompared and on�rmed with the onventionaldelayed-self-homodyne phase noise measurement method employing a oherentreeiver. The phase noise measurement tehniques were then utilized to exten-sively study the phase noise proesses in di�erent types of semiondutor lasers,espeially the SG-DBR lasers.Chapter 4 examines the laser phase noise issue in advaned modulation for-mat optial ommuniation systems employing monolithi tunable lasers. I �rstlyinvestigate the e�ets of the SG-DBR laser phase noise proesses in a oherentoptial ommuniation system. The novel phase noise traking algorithm utilizinga seond-order deision-direted phase-loked loop has then been proposed andevaluated. In this hapter, two novel transmission shemes to e�etively overomethe problem of phase/frequeny noise in SG-DBR lasers are proposed while satis-fying the target of high spetral e�ieny for ommuniations links: Di�erentialxvii



Quadrature Phase Shift Keying signaling with the oherent-self-heterodyne re-eiver employing phase modulation detetion tehnique; and baudrate-pilot-aidedQuadrature Amplitude Modulation transmission with diret detetion sheme.Chapter 5 investigates the appliations of advaned optial modulation for-mats in the fast reon�gurable optial networking senario. I found that theperformane of a Di�erential Quadrature Phase Shift Keying system employingthe SG-DBR laser for fast-wavelength-swithing experienes performane degra-dation during the wavelength swithing event. This performane degradation isexamined and disussed through the experimental results. Finally, I on�rm thatthe baudrate-pilot-aided Quadrature Amplitude Modulation transmission shemewith diret detetion is a good �t for suh an appliation in optial paket swith-ing networks.Chapter 6 summarizes and onludes the thesis. Some possible future researhdiretions are disussed at the end of this hapter.
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Chapter 1Optial Communiation NetworksBeginning with the pioneering experiment on data transmission over a short glass�ber arried out by Charles K. Kao at the Standard Teleommuniation Labora-tories - Harlow in 1965, optial ommuniations has developed tremendously overthe past 50 years. The photon has manifested itself as the most e�ient datatransport arrier up-to-date. In this hapter we brie�y review some essential on-stituents of modern optial ommuniation networks. The hapter is as follows.We �rstly evaluate the apaity limit of the optial hannel employing Wave-length Division Multiplexing (WDM) in setion 1.1. In setion 1.2, the urrentstatus of advaned modulation formats used in optial networks will be reviewed.Re-on�gurable optial networks are reviewed in setion 1.3. We �nally presentthe feasibility of ombining advaned modulation formats with re-on�gurableoptial networks to ahieve optimum e�ieny of resoures in the entire optialnetwork in setion 1.4.1.1 Capaity limit of optial �ber utilizing WDMtransmissionTo evaluate the apaity limit of optial ommuniations over �ber, we start witha brief review on the Shannon limit for ommuniations, partiularly for AdditiveWhite Gaussian Noise (AWGN) hannel [1℄. The estimation of hannel apaityof optial �ber will be based on onsidering this limitation with the nonlinearShrodinger wave equation in the �ber [2, 3, 4, 5℄.1.1.1 Shannon limit in ommuniationsThe dawn of modern digital ommuniations began with the Information Theoryproposed by Claude E. Shannon in 1948 [1℄. A rigorous derivation of apaity for1



an AWGN hannel was presented in [1, 3℄. To desribe the apaity, the entropyof a transmitting signal X (a random variable) to the hannel ould be de�nedas [1, 3℄
H(X) =

∑

a

−PX(a) log2 PX(a) (1.1)where PX is the probability that the random variable X takes the value a inthe modulation onstellation. The mutual information of the transmitted signal
X and reeived signal Y has been de�ned as [3℄

I(X ; Y ) = H(X)−H(X|Y ) =
∑

a,b

PXY (a, b) log2
PXY (a, b)

PX(a)PY (b)
(1.2)The apaity of a hannel for reliable ommuniations is then the maximummutual information over all possible input distributions PX(.), i.e. the apaityin bits per symbol is [1, 3℄

C = max
Px(.)

I(X ; Y ) (1.3)Theoretially for an AWGN hannel with ontinuous input - ontinuous out-put, the equation 1.3 yields a well-known formula of hannel apaity in bits perseond (or information rate) [1, 3℄
C = log2(1 + SNR) (1.4)where SNR is the Signal-to-Noise ratio. Nevertheless, in a pratial ommu-niation system, the input onstellation used to be a disrete set of symbols thatyields a more realisti hannel with disrete input - ontinuous output. Partiu-larly we pay attention to two families of modulation formats named Phase ShiftKeying (M-PSK) and Quadrature Amplitude Modulation (M-QAM) where M isde�ned as the onstellation size or the number of points in the modulation on-stellation. Obviously the maximum apaity of these disrete modulation formatsis log2(M). Fig. 1.1 illustrates the Shannon limit for an AWGN hannel and theapaity for some widely used modulation formats.1.1.2 The nonlinear Shannon limit of WDM systemOptial ommuniations employing the optial �ber as a nonlinear transmissionmedium makes it unique to onventional wire-line and wireless ommuniations.In addition to the Ampli�ed Spontaneous Emission (ASE) noise indued by opti-al ampli�ers, the most important propagation nonlinearity of this medium is the2



Figure 1.1: Shannon limit for AWGN hannelintensity dependene of the refrative index [2, 3, 5℄. In WDM systems, the han-nel apaity limit is mainly de�ned by the nonlinearity indued by ross phasemodulation (XPM) from the neighbouring hannels to the hannel-of-interest asargued in [2℄ and proven in [3, 5℄. Following the pioneering work in [2℄, to esti-mate the apaity limit of information transmitted over the �optial hannel �, webegin with the Shrodinger equation whih governs the evolution of the optial�eld of the hannel-of-interest i in the single mode �ber.
j
∂Ei(z, t)

∂z
=

β

2

∂2Ei(z, t)

∂t2
+ V (z, t)Ei(z, t) (1.5)where V (z, t) = −2γ

∑

k 6=i

|Ek(z, t)|2 appears as a random noise term to thehannel-of-interest and Ek(z, t) are the independent E-�eld from the other han-nels. By introduing a nonlinear intensity sale I0, the analyti expression forlower-bound CLB to the total hannel apaity of the stohasti Shrodinger equa-tion 1.5 an be expressed as [2, 5℄
CLB = ncB log2

(

1 +
e−(I/I0)2I

I0 + (1− e−(I/I0)2) I

) (1.6)where I0 =
√

BD∆λ
2γ2 ln(nc/2)Leff

. The parameters in the above equation are: nc- the number of WDM hannels, B - the signal bandwidth in eah hannel, D -the �ber dispersion oe�ient, ∆λ (or ∆f)- the hannel spaing (in wavelengthor frequeny) of WDM grid, γ - the nonlinear oe�ient of the �ber, the ef-fetive length of the system Leff ≈ ns/α where ns is the number of spans and
α is the �ber loss oe�ient. Figure 1.2a plots the lower bounds of SpetralE�ieny SE = CLB

nc∆f
for the optial �ber versus the input power per hannel3



(a) Spetral E�ieny limit with di�erent γ

(b) Spetral E�ieny limit with di�erent nc & nsFigure 1.2: The lower bounds of spetral e�ieny of nonlinear Shannon limit foroptial �ber with α = 0.2dB/Km, parameters for WDM system: B = 40GHz,
∆f = 50GHz, nc = 100, D = 17ps/nm/km, ns = 20 and di�erent values ofnonlinear oe�ient γ for (a); (b) presents the dependeny of hannel apaity onsystem length (or ns) and number of WDM hannel nc with γ = 1.27W−1km−1.
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with the parameters given below, assuming that all hannels have the same inputpower. Equation 1.6 yields a onlusion that in a WDM system, the hannelapaity inreases with �ber dispersion, hannel spaing, signal bandwidth, anddereases with the number of hannels and the number of spans. Figure 1.2blearly demonstrates this.Optial-Signal-to-Noise ratio (OSNR): In optial ommuniations, besidesthe SNR, the OSNR has been frequently used as a measure to manage the qual-ity of signal in transmission. The de�nition of OSNR di�ers from SNR by anormalization fator based on the partiular hoie for the �xed referene noisebandwidth Bref , and how the polarization modes are aounted for. The rela-tionship between OSNR and SNR an be expressed as [3, 4℄
OSNR =

pRs

2Bref

SNR (1.7)where p is the number of polarization modes modulated in transmission, Rs isthe symbol rate and Bref is the referene noise bandwidth, usually Bref = 0.1nm.1.2 Review of advaned modulation formats foroptial ommuniationsDue to the apaity runh in Dense Wavelength Division Multiplexing (DWDM)optial networks, and data tra� inreasing exponentially by 30 to 60% everyyear [4, 6℄, the onventional On-O� Keying modulation format in optial om-muniations is surely not apable of oping with this apaity trend. Advanedoptial modulation formats, espeially with oherent detetion, whih o�er highspetral e�ieny are being inreasingly investigated in researh and installed inommerial systems from 2012. Fig. 1.3 reviews the evolution of experimentallyahieved system apaity and spetral e�ieny of advaned optial modulationformats over the last two deades [6℄. This setion gives an overview of the ur-rent status of advaned modulation formats being atively employed in optialommuniation networks.1.2.1 High spetral e�ieny modulation formats with o-herent detetionCoherent detetion shemes were intensively studied in the early 1980s due to thehigh sensitivity of the oherent reeiver. However, with the advent of Erbium-5



Figure 1.3: The left �gure summarizes the experimentally ahieved single-hannelbit rates (single-arrier, single-polarization, eletronially multiplexed; green ir-les), symbol rates in digital oherent detetion (purple squares), and aggregateper-�ber apaities (triangles) using wavelength-division multiplexing (WDM;red), polarization-division multiplexing (PDM; blue), and spae-division multi-plexing (SDM; yellow). Experimentally ahieved per-polarization spetral e�-ienies in single- (red) and dual-polarization (blue) experiments are also shownin the right �gure. [6℄doped �ber ampli�er (EDFA) in ombination with high-apaity Wavelength Di-vision Multiplexing systems, the researh and development of oherent systemswere interrupted for nearly 20 years [7, 8℄. The use of EDFA's and WDM re-sulted in the signi�ant inrease in system apaity in experimental demonstra-tion (about 2.5 dB/year) during the 1990s as observed in Fig. 1.3. Sine then,On/O� Keying modulation format (OOK), with its simpliity, has dominatedoptial ommuniations in the last deades. OOK was also the �rst modulationsheme used in ommerially available produts of 40 Gbit/s [9℄ ommuniationsystems and was taken all the way to 100 Gbit/s in researh demonstrations [10℄.Even though the tehnial di�ulties assoiated with the bandwidth of ele-troni omponents for OOK at 100 Gbits/s were shown to be manageable, it wasrealized early on that the spetral e�ieny of OOK would not be su�ient forfuture optial transport network, and researh on 100 Gb/s started to inludehigher order modulation formats suh as Di�erential Quadrature Phase ShiftKeying (DQPSK) with delay line interferometers (DLIs) and diret detetion by2002 [11, 12℄. Reently, 100 Gb/s DQPSK systems was taken to �eld trials forlive HDTV video tra� using the LambdaExtreme platform over 504 Km [13℄.Although DQPSK was demonstrated for 100 Gb/s systems, it ould onlysupport a 100 GHz hannel spaing. For migrating to even higher bitrate andsupporting 50 GHz hannel spaing (DWDM), higher spetral e�ieny modu-6



lation formats would be required. The next stage of optial ommuniations hasbeen opened up with high-speed Digital-to-Analog onverters (DAC), Analog-to-Digital onverters (ADC), digital signal proessing (DSP) proessor and optialoherent detetion. The real and imaginary omponents of the omplex amplitudeof the optial arrier ould be oherently deteted and retrieved with a digitaloherent reeiver using an optial 90o hybrid. Modern optial oherent reeiverswith DSP are built on the intradyne priniple where the intermediate frequenyfalls somewhere within the signal band (beause a small frequeny o�set is on-sistently introdued between the lasers at the transmitter and the reeiver). Inaddition, polarization division multiplexing (PDM) ould be ombined with ad-vaned modulation formats to double the spetral e�ieny. In this way, 111Gb/s PDM-QPSK was �rst demonstrated over 2550 Km for 50 GHz hannelspaing DWDM in [14℄.With the ommerial popularity of Lithium-Niobate based Nested-Mah-Zehndermodulators (I-Q modulator), oupled with polarization/phase diversity optial
90o hybrids, higher spetral e�ieny has been ahieved by employing oherentdetetion with high order Quadrature Amplitude Modulation (QAM) formats[15℄. However as observed from Fig. 1.1 the riher onstellation of higher orderQAM requires the reeived signal to have higher Signal-to-Noise ratio, and alsorequires more ompliated DSP at the reeiver side. The spetral purity of lasersoure was onsidered as one of the pronouned obstales for QAM formats withoherent detetion. Reently Polarization-Multiplexed 16-QAM at 224Gbits/shas been reported in [15℄ using an External Cavity Lasers with narrow linewidthfor both transmitter side and loal osillator (LO) at reeiver side. Subsequently32-QAM and 64-QAM for single arrier transmission with DSP-o�ine has beenexperimentally reported [6℄. Apart from using advaned DSP after oherent de-tetion to overome the laser phase noise issue, the idea of Phase Loked Loop inRF ommuniations was also adopted in an Optial Phase Loked Loop inorpo-rated by transmitting a pilot tone [16℄. In this tehnique, Nakazawa's group havereported remarkable oherent optial detetion of 512-QAM at 54 Gbit/s over 4.1GHz optial bandwidth using C2H2 �ber lasers with extremely low linewidth (4KHz) [17℄. They also ombined their oherent QAM systems with Optial TimeDivision Multiplexing (OTDM) to ahieve even higher bitrate with high spetrale�ieny. A 400 Gb/s 32 RZ/QAM system was reported over 225 Km on a singlearrier at 10 Gsymbol/s × 4-OTDM in [18℄.In parallel with inreasing the spetral e�ieny by simply using denser on-stellation, to pak more information bits into a given bandwidth of the C-band(and extended L-band) of the EDFA, researhers have proposed new tehniques7



to redue the guard bands between the DWDM hannels by introduing the Su-perhannel tehnology [19℄. A losely-spaed Superhannel ould be formed by: (i) maintaining the orthogonality in the frequeny domain of the transmit-ted sub-hannels (subarriers), and the time-aligned symbols in the temporaldomain should satisfy the Nyquist riteria [20℄; (ii) spetral on�nement withpulse shaping �lters in the digital domain [21℄ or in optial domain [22℄, namelyNyquist-WDM ; (iii) or plaing multi-band eletrial Orthogonal Frequeny Di-vision Multiplexing (OFDM) signals [23, 24℄ on a frequeny-loked multi-arrierlight soure [25℄. The �rst approah also requires a frequeny-loked soure andan oversampling rate of about 2 samples/symbol [20℄. The digital Nyquist-WDMapproah employs the digital Nyquist-type �lters, suh as Raised-Cosine or Root-Raised-Cosine �lters, to shape the pulses of the transmitted signals prior to driv-ing the I/Q modulator. In this way the sub-hannels an be plaed so lose asto have a guard band of 1% signal bandwidth, when employing PDM-32-QAMmodulation format [21℄. In another approah, the authors in [22℄ proposed to useoptial �ltering to aggressively on�ne the spetrum of eah sub-hannel to a sub-Nyquist bandwidth suh that a 28 Gbaud PDM-RZ-QPSK signal is onstrainedin 25GHz bandwidth. This sub-Nyquist signaling indues modulation memory,and symbol-by-symbol detetion is in turn not e�etive anymore. That wouldrequire a symbol sequene detetion sheme at the reeiver suh as Maximum aPosteriori (MAP) or Maximum Likelihood Sequene Estimation (MLSE) [22℄.In the third approah utilizing oherent OFDM (CO-OFDM), the guard in-terval presented as yli-pre�x [24℄ to protet the OFDM symbol from �berdispersion an be redued to inrease the total spetral e�ieny. As reportedwith Redued-Guard-Interval-CO-OFDM in [26℄, the long memory inter-symbolinterferene (ISI) from �ber dispersion is ompensated prior to OFDM signal pro-essing as done in single-arrier frequeny domain equalization, while the remain-ing redued-yli-pre�x is used to aommodate the short memory ISI induedby transmitter bandwidth limitation and polarization mode dispersion (PMD).The well-known issue of high peak-to-average power ratio (PAPR) in Superhan-nel CO-OFDM has also been attrated researh attention and ould be mitigatedby some addition DSP tehniques suh as DFT-spread-OFDM [27℄ adopted fromwireless ommuniations. Moreover on applying OFDM-type signals into optialommuniations, the authors in [28℄ proposed a novel all-optial OFDM transmit-ter/reeiver on�guration whih is a high potential for future optial ommuni-ations appliations. The Superhannel tehnology o�ers a onsiderable inreasein spetral e�ieny with the expense of additional requirements on DAC at thetransmitter, ADC at the reeiver and advaned DSP.8



As disussed, the hoie of high spetral e�ieny modulation format is not aunique answer and really depends on the system requirements suh as hannel in-terfae rate, available optial bandwidth, transmission distane, power onsump-tion, transponder omplexity, OSNR, et. Careful onsideration of the hosenmodulation format is based on some trade-o�s [6℄ in terms of the following issues:DAC and ADC performane: A single IQ modulator needs two DACwith minimum resolution of log2(
√
M) for a M-size onstellation, and higherresolution allows ompensation for modulator nonlinearity. In addition, oversam-pling would be required for pulse shaping and OFDM. In a parallel modulatorsapproah enabled by photoni integration [29℄, the binary driving signals are suf-�ient. At the reeiver side, for a pre-FEC BER of 10−3, the ADC would requireapproximately 3 bits more than log2(
√
M) in terms of e�etive number of bits(ENoB). With urrent CMOS tehnology, a DAC is available for up to 65 GSam-ples/s with 8-bit resolution and a ADC an ahieve 65GSamples/s at 6 ENoBaross 20 GHz [30℄.Equalization digital �lter: Fiber hromati dispersion is well ompen-sated by applying a digital FIR �lter with TS/2 spaing in DSP [31℄. Howeverthe longer reah and higher system baudrate, equivalent with longer hannelmemory, would require longer tap lengths of the FIR �lter.Laser phase noise: Semiondutor lasers introdue high phase noise aswill be disussed in the next hapters [32℄. That signi�antly limits the hoie ofonstellation size M to ahieve higher spetral e�ieny [33℄. Another importantaspet indued from the laser spetral impurity is equalization-enhaned phasenoise [34℄. The high-speed signals have less tolerant to the laser phase noise inlong digital �lter for dispersion ompensation.Transmission reah: As observed in Fig. 1.1, denser onstellations requirehigher OSNR or less aumulated ASE over the transmission link. Stronger For-ward Error Corretion (FEC), oded modulation and/or lower loss �ber ouldimprove the reah with the expense of lower spetral e�ieny. Also new �berdesign with lower nonlinearity and/or nonlinear distortion ompensation teh-niques suh as Digital Bak Propagation [35℄, Phase-Conjugated Twin Waves [36℄would inrease the optial launhed power and onsequently transmission reah.Spetral on�nement: As in the disussion of Superhannels above, withthe support of the high speed ADC, DAC and DSP, pulse shaping an on�ne the9



transmitted signal spetral and improve the spetral e�ieny with the trade-o�sof transeiver omplexity and an inrease in PAPR. Sub-Nyquist signaling (orsuper-Nyquist signaling) an be ahieved to over-�lter the transmitted signal butrequires a symbol sequene detetion suh as MLSE whih in turn inreases thereeiver lateny and omplexity.1.2.2 Spae-Division Multiplexing: the next dimension toexploreEven with the best e�ort to push up the transmission apaity (and transmissionlength) of the single-mode �ber lose to the non-linear Shannon limit as reentlydemonstrated by the experiment that ahieved 640 Gb/s PDM-16QAM at 80Gbaud [37℄, or the remarkable 101.7 Tb/s transmission with PDM-128QAM-OFDM over 165 Km SMF-28 �ber [38℄, experimental results have approahedthe theoretial limit to within a fator of two as illustrated in Fig. 1.4 [39℄. Thatlearly shows the urrent tehnology utilizing the time-, quadrature-, wavelength(frequeny)-, polarization- multiplexing ability of the single-mode �ber would notbe able to address the future optial networks apaity runh [40, 41℄. In orderto overome this issue, in the last few years, researhers around the world areextensively exploring the last dimension for multiplexing in optial ommunia-tions: the spatial dimension or Spae-Division Multiplexing (SDM). SDM annot only solve the issue of apaity runh but also enables large redution inost-per-bit or energy-per-bit [39℄. In general, Spae-Division Multiplexing fallsinto two main ategories: low-rosstalk SDM over multi-ore �ber (MCF) andhigh-rosstalk SDM over multi-mode ( few modes) �ber (MMF) [41, 42℄.In the �rst approah, a new �ber design is proposed with multi-ore and eahore is essentially an �isolated single-mode �ber�. An MCF has eah ore operatingas an independent hannel and spatially multiplexing all the ores (hannels)to inrease the total apaity. To ahieve SDM in this ase, the mandatoryissue that needs to be takled is rosstalk between the spatial hannels espeiallyafter �ber transmission. The seond issue is how to ouple the light into theindependent ores with the lowest rosstalk level, so alled Fan-In/Fan-Out, giventhe separation between the ores is very small (30-50 µm). The development of apratial multi-ore optial ampli�er is the next ruial key to enable this type ofsystem. Reently, transmission experiments of low-rosstalk MCF with 7-ore [43,44℄, 12-ore [45℄ and 19-ore [46℄ have been impressively reported. The MCF �bersan also be used to generate the orbital angular momentum multiplexing signal[47℄ where the Laguerre-Gaussian modes were hosen for multiplexing instead of10



Figure 1.4: Spetral e�ienies versus transmission distanes ahieved in WDMexperiments (irles, dotted line) and in narrowband �ltered single-hannel ex-periments (squares, dashed line). The solid line also shows the nonlinear Shannonlimit of SMF with PMD. [39℄widely used TEM modes [48℄.High-rosstalk SDM is ahieved in MMF by seletively exiting, and oher-ently deteting, the omplete orthonormal set of modes with multiple-input-multiple-output (MIMO) tehniques at the reeiver side. The key hallengesassoiated with this system are: (i) the di�erential group delays in oupled-mode waveguides must be small enough to be handled by MIMO-DSP, (ii) themode-dependent loss (and/or gain) and noise variation between the modes, (iii)and the omplexity of DSP-MIMO reeiver. The modal dispersion in MMF isanalogous to multipath delay spread in wireless ommuniations and does notfundamentally limit system performane [49℄, while the mode-dependent loss isanalogous to mutipath fading in wireless systems and redues the MIMO apaity[50℄. Various experimental demonstrations of oupled-mode MIMO-SDM trans-mission have been reported reently, inluding transmission of six spatial andpolarization modes in few mode �ber [51℄ or in strongly oupled multi-ore �ber[52℄.1.2.3 Energy e�ient optial modulation formatsAs outlined in the previous setion, the main trend of modern optial ommu-niations is to pak more transmission bits into a given optial bandwidth bymigrating to higher spetral e�ieny modulation formats. However, regardingFig. 1.1, Shannon's Information Theory [1℄ tells us that the trade-o� of moving toa higher spetral e�ieny is the lower energy e�ieny of the given modulation11



format. It also means that with the aeptane of losing spetral e�ieny onean improve the power e�ieny or reeiver sensitivity of a modulation format.In this subsetion we review some proposed advaned modulation formats thatan improve the reeiver sensitivity.By exploring the nature of two orthogonal polarizations of the omplex opti-al �eld transmitted in the single mode �ber, some multi-dimensional (3-D, 4-D)modulation formats have been reently proposed to ahieve a sensitivity even bet-ter than the well-known BPSK format in the ASE limit. Instead of independentlymodulating the two polarizations as with Polarization Multiplexed - QAM, thePolarization Swithed QPSK (PS-QPSK) format has been proposed in [53℄ toemploy the �rst two bits to modulate the omplex E-�eld as a normal QPSK sig-nal, and the third bit to swith between the two polarizations. In general for anunoded transmission the PS-QPSK format o�ers an asymptoti 1.76 dB powere�ieny1 advantage over PM-QPSK (or QPSK, or BPSK) based on sphere pak-ing theory [53, 54℄. That leads to the extensive experimental demonstrations ofthis modulation format to on�rm the improvement in reeiver sensitivity [55, 56℄.Experimental results also show that PS-QPSK is more tolerant to �ber nonlin-earity than the widely-deployed PM-QPSK. However, when taking into aount asu�ient Forward Error Corretion, the authors in [57℄ argue that with the samedata rate, bandwidth and transmit power, PS-QPSK is atually not as e�ientas PM-QPSK.The Pulse Position Multiplexing (PPM) modulation format also o�ers highsensitivity with of-ourse the extension in oupied bandwidth. By ombiningM-ary PPM with PM-QPSK into a new modulation format namely PM-QPSK- 16-PPM (or PQ-16PPM) the authors in [58℄ experimentally reported a reordreeiver sensitivity of 3.5 photons per bit2 (2.5 photons/bit in theory) at BER =

10−3 in a 2.5 Gbit/s system employing pre-ampli�ed reeivers. A brief summaryof theoretial performane of the above modulation formats is given in Table 1.1[54, 58℄.1.3 Review of re-on�gurable optial networksIn previous setions, we have disussed in detail the optial transmission in apoint-to-point link with single arrier or WDM systems. The fous on inreasing1The power e�ieny of a modulation format is de�ned as PE =
d2

min

4Eb
, where Eb is theenergy per bit and dmin is the minimum distane of the onstellation.2In oherent optial ommuniations, the physial interpretation of SNR per bit is Eb

N0

=
nb

Nansp
where nb is the average number of photons per bit, Na is the number of in-line ampli�erswith spontaneous emission fator nsp. 12



ModulationFormat Spetral E�ieny(bits/sym/pol) Sensitivity � BER = 10−3

(Eb/N0) (dB)BPSK 1 6.8PM-QPSK 4 6.816-QAM 4 10.5PS-QPSK 3 5.816-PPM 4 6.7PQ-16PPM 8 3.9Table 1.1: Power E�ieny of high sensitivity modulation formatspoint-to-point link apaity in ombination with eletroni swithing elementsand optial-eletrial-optial (OEO) transponders was the �rst phase of optialnetworking, whih is often referred to as the �rst-generation [59℄. However, thereal advantage of optial networking arises from the ability to reon�gure theentire network diretly in the optial layer without involving eletronis in thedata plane. Hene the seond-generation of optial networks ahieves reon�gu-ration of the optial iruit by properly on�guring the lightpath using the optialnetwork elements [60, 61℄. With the introdution of EDFAs, reon�gurable opti-al add/drop multiplexers (ROADMs) and optial rossonnets (OXCs), optialiruit swithed networks have beome a proven network tehnology, and arewidely deployed in the last deades. However as data tra� keeps inreasingexponentially as disussed above, we antiipate the third-generation of optialnetworks will inrease the total transport apaity by addressing the swithingof optial data pakets or optial bursts diretly in the optial layer [60, 61, 62℄.The evolution of optial networks is summarized in Fig. 1.5 [59℄.Eletrons are useful in building up memory devies, but not as e�etive as atransport arrier. On the other hand, photons have the opposite harateristis.To date all of the eletroni swithing elements (routers, swithes) are based onthe e�ient store-and-forward time proessing tehnology with the utilization ofrandom aess memory (RAM) as the bu�ers. In ontrast optial swithing teh-nology might takle the main di�ulty posed by the lak of an e�ient �optialmemory� devie due to the nature of photons. However, an all-optial router anexploit the wavelength domain to enable swithing and ontention resolution, andit an also potentially support high line rate multi-wavelength signals in the op-tial swithing fabri with typially muh less power and signal interferene thanits eletroni ounterpart [61℄.
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Figure 1.5: The evolution of optial networks. [59℄1.3.1 Swithing tehnology for re-on�gurable optial net-worksAs mentioned earlier, re-on�gurable optial networks maintain the network on-netions in the optial layer whih enables the removal of a tremendous amountof eletroni proessing from the network, and the attendant ost, power, spae,and reliability burdens. Furthermore, all-optial swithing elements, by oper-ating on wavelengths, are more salable than their eletroni ounterparts [60℄.The strutures of optial routers with synhronous and �xed-length datagram,or asynhronous with variable-length pakets are illustrated in Fig. 1.6 [62℄. Inthe third-generation optial networks, optial burst swithing and optial paketswithing tehnology have been widely investigated in researh and developmentreently. The advantage of optial burst swithing ompared to onventionaloptial iruit swithing is that it an more e�etively aommodate bursty traf-� at subwavelength granularity without requiring very fast swithing speeds asrequired with optial paket swithing, while optial paket swithing seeks toahieve nanoseond swithing speeds with muh shorter datagram, whih in turnsigni�antly enhanes the total throughput of the networks. In optial burstswithing, �rstly, a burst header ell (or ontrol data paket) is sent from soureto destination on a ontrol hannel to set up the lightpath, then the data burstswill be transmitted. As a result, the established onnetion remains in plae dur-ing the data bursts transmission, and is then torn down afterwards to improve14



Figure 1.6: Optial router strutures for (a) synhronous and �xed-length paketforwarding, and (b) asynhronous and variable-length paket forwarding. [62℄the network utilization e�ieny [61℄.In optial paket swithing, sine the optial pakets are muh shorter thanthe optial bursts, the systems require rapid swithing, typially in a nanoseondtime sale [61℄. Hene, with the lak of optial bu�ering, slow swithing an auseloss of bits in a paket during the swithing transition, unless there is enough timegap or �guard time� between the pakets to aount for the swithing transition.This guard time must be short for the optial paket swithed network to bee�ient, whih in turn requires fast swithing operation for the optial routers.Fig. 1.7 depits an implementation of optial routers with novel hierarhial on-tention resolution and arbitration in wavelength-time-spae domains [61, 62℄. Therouter inludes feedbak �ber delay lines as �optial bu�ers�, arrayed waveguidegrating router (AWGR) with fast tunable-wavelength onverters at the input, and�xed-wavelength onverters at the output of the swithing fabri. The tunablewavelength onverter therein onsists of the key omponent - the fast-swithingtunable laser suh as a superstruture grating distributed Bragg re�etor (SSG-DBR) or sampled grating distributed Bragg re�etor (SG-DBR) lasers to meetthe requirement of reduing the guard time of the optial pakets (on a time salein the other of nano-seonds).1.3.2 Examples of optial paket swithing projetsA variety of reon�gurable optial networking tehnologies and arhitetures havebeen developed and examined over the past few years. Erbium doped �ber15



Figure 1.7: An implementation of an optial router supporting wavelength-time-spae domain ontention resolution. [61, 62℄ampli�ers (EDFAs), reon�gurable optial add/drop multiplexers (ROADMs),wavelength rossonnets (WXCs), and tunable lasers are the key omponentsto enable these optial networks [63℄. As disussed above, among diverse optialswithing tehniques, suh as Generalized Multiprotool Label Swithing (GM-PLS), Waveband Swithing (WBS), Photoni Slot Routing (PSR), Optial FlowSwithing (OFS), Optial Burst Swithing (OBS), and Optial Paket Swithing(OPS), optial paket swithing tehnology is partiularly attrative for a trueIP-over-WDM arhiteture, where the IP pakets are swithed and routed overthe all-optial WDM network without exessive eletroni proessing in the dataplane. In the following, we review reent testbed ativities on OPS proposed forMetropolitan Area Network (MAN).� HORNET Projet (2003): The Hybrid Optoeletroni Ring Network HOR-NET [64℄, proposed by the researh group in Stanford University, is apaket-over-WDM ring network whih employed fast-tunable paket trans-mitters and wavelength routing. The sampled grating DBR laser andgrating-assisted oupler with sampled re�etor laser (GCSR) was the keyomponent for the tunable transmitter, with tuning times ranging between5-20 ns. The reeiver in eah node was �xed to its home wavelength hannelwhih ould be shared by other nodes.� RingO Projet (2004): The RingO projet [65, 66℄ demonstrated a unidire-tional synhronous WDM ring network. Eah �xed-size paket was arried16



by equally sized time slots. The RingO node onsists of a �xed-reeiver,whih orresponds to its home hannel, and an array of �xed-tuned trans-mitters, one for eah home hannel. The fast-tunable transmitters are madeby an array laser. The hannel monitoring an be arried out by simplymeasuring the power level of eah slot and wavelength (without any re-quired label/header proessor). The MAC and Physial layer operation issimpler than HORNET and was presented in [65℄. RingO was suessfullydemonstrated with 2 nodes and 4 hannels (eah hannel with a data rateat 2.5 Gbit/s).� HOPSMAN Network (2006): The High-Performane Optial Paket-SwithedWDM ring MAN network - HOPSMAN [67, 68℄ was proposed by the univer-sities of Taiwan. HOPSMAN is a unidiretional WDM slotted-ring networkwith multiple WDM data hannels (at 10 Gb/s) and one ontrol hannel(at 2.5 Gb/s). Eah node in the HOPSMAN network has a �xed trans-mitter and reeiver pair for aessing the ontrol hannel, and a tunabletransmitter and reeiver pair for aessing data hannels. The ring testbedof HOPSMAN was 38.3 km long, with 10 yles per ring, 50 slots per y-le, and eah slot 320 ns long. The ontrol hannel wavelength was set at1540.56 nm with 2.5 Gbit/s Bitrate, and four data hannels at wave- lengthsof 1551.72 nm, 1553.33 nm, 1554.94 nm, and 1556.55 nm.� Salable Optial Paket swithes (2009): This projet [69, 70, 71℄ was pro-posed by the COBRA Researh Institute. They demonstrated an OPSsubsystem employing in-band labeling to allow for transparent routing ofmulti-wave-length pakets with multiple data formats and at di�erent databitrates. The address information of optial pakets is enoded in-bandwith the payload. Experimental results [71℄ show error-free operation of 1Ö 64 optial paket swith subsystems for 160 Gb/s RZ-OOK, 320 Gb/sNRZ-OOK, 120 (12 Ö 10) Gb/s DPSK and 480 (12 Ö 40) Gb/s OFDMmulti-wavelength with 64-QAM pakets.� Optial label based OPS (2009): The authors demonstrated OPS andbu�ering operation of a DWDM/NRZ-DPSK optial paket [72, 73℄. Thedata rate of the payload was 640Gbit/s (64×10 Gbit/s) with error-freeoperation, inluding 200-Ghip/s PSK optial label proessing for all 64-wavelength-hannel DPSK pakets (label and payload are phase-modulated).
17



1.4 Advaned modulation formats for re-on�gurableoptial networksThe extensive researh works into re-on�gurable optial networks, (espeiallywith optial paket swithing tehnology) arried out reently, are still implement-ing low spetral e�ieny optial modulation formats suh as OOK or Di�erentialBPSK for data transmission. To ahieve even higher total apaity (throughput)for the entire network, advaned modulation formats with high spetral e�ienywould be applied for the tunable transeivers within the optial routers. Combin-ing advaned optial modulation formats employing oherent transmission teh-niques with optial paket/burst swithing an enable optial networks that arehighly e�ient both temporally and spetrally. Optial paket swithing thatemploys fully oherent detetion PM-QPSK [74, 75℄, self-homodyne detetionDQPSK [76, 77℄, or 16-QAM polarization multiplexed pilot with self-homodyneoherent detetion [78℄ have been reently reported.In suh a system, the requirement for a fast wavelength-swithing tunable laseris inevitable. The monolithi tunable semiondutor lasers utilizing the index-tuning mehanism, suh as SG-DBR or SSG-DBR lasers, are onsidered as themain potential andidates for these optial paket swithing systems. However,as mentioned in previous setions, in optial transmission deploying advanedmodulation formats, the phase noise of semiondutor lasers in the transeiversis a ruial harateristis that de�nes the ultimate performane of the systems.Even though the SG-DBR laser has demonstrated a very fast tuning speed of lessthan 5 ns [79℄, whih is most suitable for optial paket swithing, the SG-DBRdevie has shown ompliated phase noise harateristis that impats its feasi-bility for higher order modulation formats [32, 80℄. The performane degradationaused by the wavelength swithing event of the SG-DBR laser also requires in-vestigation to improve the total throughput of the networks when the optialpaket beomes shorter. In the next hapters, we investigate in detail the phasenoise harateristis of the SG-DBR laser and its e�et on systems employingadvaned modulation formats. The system performane under both stati anddynami (during wavelength swithing of the SG-DBR laser) onditions for opti-al paket swithing networks will also be evaluated.1.5 SummaryIn this hapter, we have reviewed the urrent status of the optial ommunia-tions networks, partiularly on the optial modulation formats and reon�gurable18



optial networks aspets. We �rstly reviewed the fundamental non-linear Shan-non limit of optial ommuniations over the �ber hannel. A general formulaof the hannel apaity limit has been re-derived and disussed. We then hadan overview from literature on advaned optial modulation formats in termsof spetral e�ieny and energy e�ieny. The future trend in spatial divisionmultiplexing for optial ommuniations was also disussed.At the same time, to further inrease the total throughput of the entire optialnetworks, fast reon�gurable optial networks with optial paket/burst swithingwould be employed for reduing the lateny of the networks. Thus we reviewed theevolution of swithing tehnology in optial ommuniations networks as well assome exemplary testbeds for the optial paket swithing networks. Subsequently,the possibility of ombining advaned modulation formats and reon�gurableoptial networks making use of fast tuning optial transeivers has been proposed.The disussion on the SG-DBR laser, the key omponent in the fast tuningoptial transeivers, has been brie�y presented for the appliation in the pro-posed senario. Espeially, the phase noise property of the SG-DBR lasers isquite sophistiated and deviates from the onventional semiondutor lasers witha single ative setion as mentioned above. Consequently, the next hapter willbe dediated to review the theory on phase noise of onventional semiondu-tor lasers. Based on that theory, we will develop the theoretial model for theomplete phase noise proesses exhibited in the multi-setion monolithi tunablelasers, partiularly the SG-DBR laser with passive grating setions.
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Chapter 2Phase Noise in SemiondutorLasersOptial ommuniations would not be pratial without the invention of semi-ondutor lasers in the early 1960s. From a ommuniations systems perspetive,one of the most important property of ontinuous wave semiondutor lasersis the laser phase noise or the spetral purity of the output light. Moreover,as reviewed in the previous hapter, optial ommuniations is urrently mov-ing towards leveraging oherent detetion tehnique to replae the onventionalintensity modulation/diret detetion systems in longhaul and metro networks.Coherent optial ommuniations employing advaned modulation formats uti-lizes both phase and amplitude of the optial �eld to transmit the data. Thatin turn poses a more stringent requirement on the spetral purity of the semi-ondutor lasers used for these systems. It's obvious that the laser phase noiseis setting the lower bound for the bit error rate of any systems using the optialphase to arry the information data. Consequently, a full understanding of thephase noise proesses in semiondutor lasers is indispensable for this work.In this hapter, we �rstly review the onventional theory on phase noise ofsemiondutor lasers whih was developed in the 1980s. Setion 2.1 will brie�yreview the Shawlow-Townes-Henry theory of semiondutor lasers that inludesthe gain-phase oupling assoiated with the semiondutor amplifying mediumand the assoiated arrier density relaxation osillation. From that we then on-tinue the investigation of phase noise in multi-setion monolithi tunable laserswhih is the main onern in this work. An analytial model desribing the om-plete instantaneous frequeny noise spetrum of a four-setion Sampled-Gratingdistributed Bragg re�etor laser with more additional phase noise proesses dueto the �utuating arrier densities in the passive tuning setions is derived insetion 2.2. Finally, setion 2.3 will onlude the hapter.27



2.1 Fundamental theory of phase noise in semi-ondutor lasersThe laser is essentially a speial optial osillator, i.e. it has many behaviorsof a typial osillator [1℄. In this work, we are solely interested in operation ofsemiondutor lasers above threshold, where the amplitude of the optial �eldis nearly onstant while the phase an take any value. The optial phase in asemiondutor laser exhibits a relatively slow wandering whih ould be basiallydesribed by a Brownian random proess [2, 3, 4℄. In this setion, we will re-view the theory of laser phase noise in onventional single mode - single setionsemiondutor laser that would inlude: the quantum noise limit with the Henrylinewidth enhane fator α, the relaxation osillation and the low frequeny �ikernoise.2.1.1 Shawlow-Townes-Henry model of phase noise in semi-ondutor lasersThe phase noise in an osillator will obviously broaden its spetral line-shapein the frequeny domain. Therefore the spetral purity beomes an interestingproperty of semiondutor lasers. There have been extensive investigations ofthis area from the early stage of laser physis up to date. The full-width-at-half-maximum (FWHM) spetral linewidth (∆ν) is the important parameter whih isusually used for evaluating the phase noise property of lasers. In the pioneeringpaper proposing the optial maser (or early laser) [1℄, Shawlow and Townesderived a formula for the laser linewidth whih is inversely proportional to theoutput power (P0) and valid for operating below threshold. Lax then pointed outthat above threshold, the amplitude �utuations of the laser are stabilized andthis is aompanied by a fator of 2 times redution in the ∆νP0 produt [4℄.Later in the seminal paper on theory of the linewidth of semiondutor lasers [2℄,Henry showed that semiondutor lasers exhibit an additional broadening fatorof (1 + α2) to the original quantum noise linewidth from Shawlow-Townes-Laxformula (where α = ∆n′

∆n′′
[2℄).In semiondutor lasers, the disrete spontaneous emission events alter thephase and the amplitude of the output optial �eld. This leads to the �utuationin the phase of the optial �eld, and subsequently de�nes the width of the optialspetrum. Beside the abrupt phase hange of the optial �eld after a spontaneousemission event, the intensity hange during this event results in an even largerdelayed phase hange. This hange is brought about by a gain hange assoi-28



Figure 2.1: The generation of phase noise in onventional semiondutor lasers

Figure 2.2: The instantaneous hanges of phase and intensity of the optial �eldaused by a spontaneous emission event [2℄ated with the relaxation osillation that follows the spontaneous emission eventand restores the laser intensity bak to the steady stage [3℄. These phase noisegeneration proesses are summarized in Fig. 2.1.To brie�y review the derivation for the phase noise in semiondutor lasers, wefollow the notation of Henry in [2, 3, 4℄. The laser optial �eld an be expressedin a omplex amplitude notation as:
Elaser(t) = Re

{

√

I(t)ei(ω0t+φ(t))
}

= Re
{

βeiω0t
} (2.1)where β =

√

I(t)eiφ(t) is the slowly varying �eld, I(t) is the intensity and
φ(t) is the optial phase. We now relate the output optial spetrum G(ω) withthe laser phase to derive the formula of phase noise indued laser linewidth. Thepower spetral density (PSD) of the optial �eld is the Fourier transform of theauto-orrelation of the omplex �eld [3℄:

G(ω) =

ˆ

〈Elaser(t)Elaser(0)〉 eiωtdt (2.2)In this subsetion, we assume that the intensity �utuation after a sponta-neous emission event is stabilized, i.e. the observation time is large enough for29



the relaxation osillations to have died away. In this ase we arrive at [3℄:
G(ω) =

ˆ

eiω0t
〈

ei∆φ(t)
〉

eiωtdt =

ˆ

eiω0te(−
1

2
〈∆φ2(t)〉)eiωtdt (2.3)where ∆φ(t) = φ(t)−φ(0) is the phase hange (or named as phase error in thelater hapters) over the interval time t. The simpli�ation has been performed inequation 2.3 based on the justi�ation that the phase noise φ(t) is undergoing arandom walk proess (Brownian motion), i.e. ∆φ(t) has a Gaussian distribution[2, 3, 4℄. We now need to derive the expression for 〈∆φ2(t)〉. To do so, we payattention to the spontaneous emission events and their onsequenes.Figure 2.2 illustrates the hange in the omplex amplitude of the optial �eldafter a spontaneous emission event. With an assumption that a spontaneousemission event auses unit amplitude hange in the optial �eld, the �eld hange

∆βi an be expressed as:
∆βi = e(iφ+iθi) (2.4)and the orresponding instantaneous hange in phase and amplitude of the�eld envelope are:

∆φ′
i =

√
I sin(θi) (2.5)

∆Ii = 1 +
√
I cos(θi) (2.6)With the aid of the oupled rate equations for I and φ, we an show that theamplitude hange ∆Ii will lead to a subsequent delayed phase hange given by[2℄:

∆φ′′
i = − α

2I
(1 + 2

√
I cos(θi)) (2.7)Here we introdue the α = ∆Re(n)

∆Im(n)
oe�ient or Henry linewidth enhanementfator (n: refrative index). The total phase hange is the sum of instantaneousphase hanges in equation 2.5, and delayed phase hange in equation 2.7. After astraightforward derivation as in [2℄, we an obtain the total phase hange (phaseerror) variane as:

〈

∆φ2(t)
〉

=
R(1 + α2)t

2I
(2.8)where R is the spontaneous emission rate. If we note the oherent time τcas 1

τc
=

〈∆φ2(t)〉
2t

then the term e(−
1

2
〈∆φ2(t)〉) in equation 2.3 beomes e−t/τc whih30



yields a Lorentzian shape of the power spetrum of the eletri �eld (E-�eld). Wean then ahieve the FWHM linewidth of the PSD of the optial �eld as:
∆ν =

1

πτc
=

〈∆φ2(t)〉
2πt

=
R

4πI
(1 + α2) (2.9)The linewidth in equation 2.9 an be rewritten in terms of output optialpower P0 as [2℄:

∆ν =
v2g hν g nsp αm

8πP0
(1 + α2) (2.10)where vg is the group veloity, g is the gain, nsp is the spontaneous emissionfator, αm is the faet loss, and hν is the energy of the laser line.2.1.2 Relaxation osillation in semiondutor lasersIn the preeding subsetion, in evaluating the linewidth of the E-�eld PSD wemade use of an assumption that the intensity-hange-indued phase hange o-urring after the relaxation osillations have died away, i.e. we only observe thelow frequeny omponents of the intensity �utuation. In this setion, we willpay attention to the delayed phase hange due to the high frequeny omponentsof the intensity �utuation, i.e. we will investigate the relaxation osillation phe-nomenon that follows right after a spontaneous emission event. To do so, thedelayed phase hange in equation 2.7 would need to be re-written as a time de-pendent funtion as in [5℄ (ignoring the onstant phase shift omponent):

∆φ′′
i = −α cos(θi)√

I
f(t) (2.11)It has been proven in [5℄ that the new time dependent funtion f(t) will takethe form:

f(t) = 1− e−Γt cos(Ωt− δ)

cos(δ)
(2.12)where Ω is the angular frequeny and Γ is the damping rate of the relaxationosillations, the oe�ient δ is de�ned as:

cos(δ) =
Ω√

Ω2 + Γ2
(2.13)Figure 2.3 depits the funtion f(t) whih re�ets the damped relaxationosillation phenomenon as disussed. Following the derivation in [5℄, we re-obtainthe total phase hange variane: 31



Figure 2.3: Funtion f(t) aounts for the intensity relaxation osillation after aspontaneous emission event [5℄. Γ = 3.5× 109(s−1), Ω = 2π × 5× 109(rad/s)

〈

∆φ2(t)
〉

=
R

2I

{

(1 + α2)t− α2 e
−Γt cos(Ωt− 3δ)− cos(3δ)

2Γ cos(δ)

} (2.14)As in equation 2.14, the �rst term on the right hand side (RHS) is identialto the RHS of the equation 2.8 whih yields the Lorentzian spetral shape of theE-�eld while the seond term introdues an osillation in phase hange varianewhih gives rise to the subsidiary peaks in the power spetrum separated by Ω.Numerial examples of phase hange variane and output optial spetrum of asemiondutor laser aounting for Shawlow-Townes-Henry (STH) phase noisewith relaxation osillations have been illustrated in Fig. 2.4Another widely-used measure to evaluate the phase noise property of an os-illator is the power spetral density of the instantaneous frequeny deviation orFM-noise (Frequeny Modulation noise). The relationship of Sf(f) with phasehange variane derived above is given as [6, 7℄:
〈

∆φ2(t)
〉

= 4

ˆ ∞

0

Sf(f)
sin2(πft)

f 2
df (2.15)From [6℄ the FM-noise spetrum of semiondutor lasers aounting for STHphase noise with relaxation osillations will take the form as in equation 2.16,where fr is the relaxation osillation frequeny and Γ is the damping fator men-tioned above. A alulated FM-noise spetrum of the phase noise assoiated withFig. 2.4 is shown in Fig. 2.5.
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(a) Phase Change Variane

(b) Optial Power Spetral DensityFigure 2.4: Semiondutor laser phase noise aounting for Shawlow-Townes-Henry linewidth with relaxation osillation. Γ = 3.5 × 109(s−1), Ω = 2π × 5 ×
109(rad/s), I = 3.1× 104, α = 4.5, R = 1.51× 1012(s−1)
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Figure 2.5: FM-noise spetrum of semiondutor laser aounting for STH phasenoise with relaxation osillation.2.1.3 Fliker noiseBeside the STH phase noise, as an osillator, the semiondutor lasers also su�erfrom the ubiquitous �iker noise (or 1/f noise). The 1/f noise originates from theenvironmental fators that alter the underlying lasing frequeny. This low fre-queny noise notieably enhanes the total laser phase noise that in turn inreasesthe total phase hange variane as well as broadening the PSD of the optial �eld[7, 8, 9℄. In ontrast with the STH phase noise derived in equation 2.10, the 1/fnoise is power independent (beause it does not arise from the oherent additionof the spontaneous emission to the laser �eld) and results in a residual linewidtheven at very high output optial power [8℄. The FM-noise spetrum in equation2.16 ould be modi�ed to aount for the low frequeny �iker noise as [7℄:
Sf (f) =

K1

f
+

νSTH

π

[

1 +
α2f 4

r

(f 2
r − f 2)2 + (Γf/2π)2

] (2.17)where the oe�ient K1 de�nes the level of 1/f noise ontribution in thetotal phase noise of the semiondutor laser. A numerial example of the FM-noise spetrum is shown in Fig. 2.6a where the oe�ient K1 = 2 × 1012(Hz2)and the STH phase noise were kept similar to Fig. 2.5. The obvious e�et ofphase hange variane enhanement ould be on�rmed as in Fig. 2.6b where theobservation time is su�iently large.
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(a) FM-noise spetrum inludes: STH phase noise with relaxation osillationand �iker noise

(b) Phase hange variane over su�ient observation timeFigure 2.6: The low frequeny �iker noise in semiondutor lasers
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2.2 Phase noise in multi-setion monolithi tun-able lasersIn the preeding setion, we have reviewed the phase noise proesses in a semion-dutor laser with one single ative setion. As mentioned in the previous hapter,the main onern of this work are monolithi multi-setions tunable lasers, espe-ially the DBR-style lasers employing grating tuning mehanisms. These typesof lasers onsist of passive setions to perform wavelength tuning that subse-quently generate additional phase noise omponents to the phase noise proessespresented in setion 2.1.In this setion, we desribe the entire FM-noise spetrum of monolithi tun-able lasers by employing simple analytial models for the dynami response foreah of the phase noise generating mehanisms. Based on an example of ex-perimental FM-noise measurements, we perform a omplete analysis of the FM-noise spetrum identifying the following ontributions: the traditional Shawlow-Townes-Henry phase noise inluding the resonane-enhaned FM noise [5℄; exessFM noise at low frequenies (also termed 1/fα noise); and a �ltered FM noiseontribution arising from stohasti arrier generation and reombination in thepassive tuning setions. The latter is a feature of DBR-style lasers beause unlikethe arrier density in the gain setion, the arrier density in the passive tuningsetions is not lamped. The spetral pro�le of this ontribution to the FM-noisespetrum orrelates well with the FM-dynamis of the passive setions [9, 10℄.We extend the analysis to the 4-setion sampled-grating DBR lasers. The per-formane of oherent systems an be predited by knowledge of the phase errorvariane (phase hange variane). Aurate and preditable knowledge of theentire FM-noise spetrum would be invaluable for the development of any laserphase noise traking or suppression tehniques for oherent optial systems [7℄.We now analyze the FM noise of the Sample-Grating Distributed Bragg Re-�etor laser. A shemati of the SG-DBR laser is given in the inset of Fig. 2.7indiating the gain region and the three passive tuning setions. The priniple ofoperation of the SG-DBR laser, and other types of DBR-style tunable lasers, isgiven in [9℄. The SG-DBR laser onsists of four separate setions: (1) the Gainsetion providing optial ampli�ation; oarse wavelength tuning is ahieved withtwo sampled DBR grating setions at the (2) Bak setion and (3) Front setion ;�ne wavelength tuning is provided by (4) a short passive Phase waveguide setion.The output wavelength an be hanged by varying the arrier densities (via theinjetion urrent) in eah of the tuning setions. The Front and Bak setionsat as two passive optial mirrors with slightly di�erent power re�etion spetra,36



Figure 2.7: Measured FM-noise spetrum of an SG-DBR laser. The piees fromthe di�erent sampling rates are shown. The insert is a shemati of the 4-setionSG-DBR laser.exploiting Vernier tuning [9℄, to selet the lasing mode. The �ne wavelength tun-ing funtion of the seleted lasing mode is performed by eletrially tuning theshort passive Phase setion.We begin by observing the measured FM-noise spetrum of the SG-DBRlaser. Here we employ the delayed-self homodyne (DSH) method with a oherentreeiver and real-time sampling desribed in [7℄. The phase noise haraterizationmethods will be extensively presented in the next hapter. The sampling rate isadjusted from 100 MSa/s to 80 GSa/s to aurately onstrut the entire FM-noisespetrum from 6 kHz to 10 GHz. Figure 2.7 shows an example measured FM-noisespetrum of an SG-DBR laser with the various FM noise ontributions indiated.It an be seen that the typial STH FM-noise (STH phase noise) an be inferredfrom 500 MHz out to 10 GHz, with the minimum value of 4.5 × 105Hz2/Hzorresponding to the laser intrinsi linewidth (full width half-maximum whenmeasuring the spetrum of the laser eletri �eld using the DSH tehnique, andassuming only white FM-noise) and a relaxation osillation peak at around 5 GHz.There is additional low frequeny noise below 400 MHz inluding the �ltered FMnoise and the exess FM noise (below 200 kHz). The rising edge towards highfrequenies (dash-red urve) is an artifat of the measurement tehnique due todi�erentiated additive white Gaussian noise (AWGN) from the reeiver. It shouldbe noted that the AWGN is present in all reeivers and thus indispensable when37



analyzing any oherent system.We begin our analysis by deriving the spetral response of the FM-noise on-tribution due to stohasti arrier generation in the passive setions. The spetralshape of the �ltered FM noise from 200 kHz to 400 MHz displays a lowpass re-sponse and we will show that this is diretly related to the dynamis of the arrierdensity in the passive setions. The arrier density rate equation in the passivesetions [9, 10℄ is given by:
dN(t)

dt
=

I(t)

qV
−
[

aNN(t) + bNN
2(t) + cNN

3(t)
]

+ FN(t) (2.18)where N(t) is the arrier density and I(t) is the injeted urrent; aN , bN and
cN are non-radiative, bimoleular radiative and Auger reombination oe�ients,respetively. FN(t) is a generalized Langevin fore term aounting for stohastiarrier reombination and generation in the passive setions. The random urrent�utuation on the tuning setion an be modeled as I(t) = I0 + ∆I(t). I0 isthe average urrent and its small �utuation, ∆I(t), is taken to possess whiteGaussian statistis. Both FN and ∆I indue �utuations in arrier density abouta quiesent value N0, whih is the steady-state arrier density under injetionurrent I0. N0 and I0 are related by:

I0
qV

− aNN0 − 2bNN
2
0 − 3cNN

3
0 = 0 (2.19)We make the valid assumption that the magnitude of ∆N(t) ≪ N0, allowingus to linearize equation 2.18 by retaining terms that are �rst-order in ∆N andnormalizing with respet to N0 to yield ∆n(t) = ∆N(t)/N0 as follows:
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(2.20)Combining ∆I(t)/qV N0 and FN (t)/N0 into a single Langevin fore term
F∆I,N , noting that β = aN + 2bNN0 + 3cNN

2
0 , taking the Fourier transformof equation 2.20, and re-arranging we obtain

∆ñ(ω)

F̃∆I,N(ω)
=

1

β + iω
(2.21)whih desribes a �rst-order lowpass �lter whose 3 dB bandwidth is β. Thenormalized arrier density �utuation ∆ñ(ω) in the tuning setion leads to the�utuation in the e�etive refrative index whih in turn indues variations in thelaser emission frequeny ∆f(ω) as the arrier dynamis are on longer timesales(tens of nanoseonds) than a few laser avity round-trip times (tens of piose-onds). As F̃∆I,N(ω) is assumed to possess a uniform spetrum indued from38



Gaussian noise, the shape of the spetral ontent of ∆f(ω) will be proportionalto the form of the lowpass �lter given by the right hand side of equation 2.21. Inother words, the FM-noise ontribution from the passive setion is proportionalto:
Sf(ω) =

1

b2 + ω2
(2.22)where b = β = aN + 2bNN0 + 3cNN

2
0 is the ut-o� angular frequeny of

Sf(ω). The simple expression in 2.21 agrees well with the FM-noise spetrumderived in [9℄. We now an estimate the ut-o� frequeny of the lowpass model
Sf(ω) for the �ltered FM noise indued from the tuning setion. For example,given the phase setion struture of the SG-DBR laser in [11℄ with: length =80 µm, width = 3 µm, waveguide thikness = 0.35 µm, the typial value forreombination oe�ients: aN = 0.5 × 108(s−1), bN = 1 × 10−16(m3s−1) and
cN = 1.3 × 10−41(m6s−1), a phase setion urrent of 8mA will yield a ut-o�frequeny, fcut−off , of 95.6 MHz. Figure 2.8 shows that the uto� frequenyinreases exponentially when reduing the setion length. In the partiular aseof SG-DBR lasers, the phase setion is muh shorter than the grating setions(Front and Bak), whih explains why the exess noise mostly omes from thephase setion as observed in [12℄. For the ase of multiple tuning setions inSG-DBR lasers, the entire �ltered FM noise will be the summation from all thepassive setions [9℄.In summary, for semiondutor lasers the entire FM-noise spetrum an bedesribed as:
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νSTH

π

[

1 +
α2f 4

r

(f 2
r − f 2)2 + (Γf/2π)2

]

+ S0

(

f1
f

+
f 2
2

f 2

)

+
3
∑

k=1

a2k
b2k + (2πf)2(2.23)The �rst term represents the omplete STH phase noise inluding relaxationosillation presented in equation 2.16, the seond is the exess FM-noise and thethird is the �ltered FM-noise from the passive tuning setions and an be omittedfor lasers without passive tuning setions. The FM-noise spetral shape of theSTH phase noise is determined by the arrier density relaxation osillation inthe aftermath of a random spontaneous reombination event and represents theomplete treatment of the line-broadening of semiondutor lasers due to spon-taneous emission as disussed in previous setions. The relaxation osillationshapes the FM-noise spetrum above 1 GHz; we illustrate this using representa-tive values of fr = 5GHz and Γ = 9× 109s−1. The seond term in equation 2.2339



Figure 2.8: The dependeny on setion length of ut-o� frequeny of �ltered FMnoise from passive setion of a monolithi tunable laser.

Figure 2.9: Calulations using the analytial models showing the breakdown ofthe FM-noise spetrum of an SG-DBR laser.40



aounts for the exess FM noise [7℄ with f1 and f2 being the break frequeniesof �iker noise (brie�y disussed in the preeding setion, where K1 = S0f1) andfrequeny random-walk noise, respetively. Espeially, in SG-DBR laser, thesetwo types of FM-noise have signi�ant ontributions in the total phase noise. Wewill disuss in more details these two important 1/fα noise proesses in the nexthapter. To our knowledge, the origin of the 1/fα noise proesses is unlear.It would be ompliated to theoretially relate the �iker noise and frequenyrandom-walk noise to laser physis in this work. Figure 2.9 shows example alu-lations from the analyti FM-noise models for an SG-DBR laser. The STH phasenoise follows a Wiener proess or phase random-walk proess (noted as Wienerphase noise and has a value of S0 = 2× 105Hz2/Hz) sets the baseline FM-noise�oor. We inorporate the lowpass model for the passive setions with oe�ients:
b1 = 2π×95.6×106(rad/s), b2 = 2π×30×106(rad/s), b3 = 2π×10×106(rad/s),
a1 = 4.5 × 1011(Hz

√
Hz), a2 = 2 × 1011(Hz

√
Hz), a3 = 1 × 1011(Hz

√
Hz) andthe exess noise with the oe�ients: f1 = 500kHz, f2 = 100kHz.2.3 SummaryIn this hapter, the theory of phase noise in the semiondutor laser has been re-viewed. Beside the quantum noise limit, in semiondutor lasers, the additionaloupling between the intensity �utuation and phase �utuation after the sponta-neous emission events will also broaden the laser linewidth. The important Henrylinewidth enhanement fator and relaxation osillations in semiondutor lasershave been re-derived. In addition, the semiondutor lasers also exhibit the �ikernoise (1/f noise) as for other kinds of osillators. Finally, the monolithi tunablelasers with passive tuning setions employing grating tuning mehanism demon-strate more additional phase noise proesses inluding: random-walk frequeny(1/f 2 noise) and �ltered FM-noise.Subsequently, to measure the phase noise of semiondutor lasers, we wouldneed some e�ient and highly aurate phase noise haraterization methods.The next hapter will investigate the proposed phase noise measurement methods.The measurement results on phase noise of di�erent type of lasers, espeially theSG-DBR laser, will also be extensively analysed.
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Chapter 3Laser Phase Noise CharaterizationTehniquesAs disussed in the previous hapters, advaned optial modulation formats whiho�er high spetral e�ieny are being inreasingly developed for Dense Wave-length Division Multiplexing systems [1, 2℄. Various modulation shemes suh asQuadrature Phase Shift Keying [2℄ and Quadrature Amplitude Modulation [1, 2℄with digital oherent reeivers have attrated attention reently as potential an-didates for next generation optial networks. In oherent optial ommuniationsthe phase noise of semiondutor lasers has been identi�ed as a ruial har-ateristi that a�ets the system performane [3, 4℄. This has led to extensivemeasurement e�orts to determine the phase noise harateristis of lasers fortransmitters and loal osillators in these systems [5, 6, 7, 8℄.In this hapter, we extensively investigate the phase noise in semiondutorlasers. The analytial basis of the phase noise measurement methods inludinga novel Delayed Self-Heterodyne using Phase Modulation Detetion (DSH-PM)tehnique, and the onventional Delayed Self-Homodyne using oherent detetiontehnique, will be �rstly derived in setion 3.1. Setion 3.2 will explain the experi-mental setups to perform these phase noise haraterization methods. Employingthe proposed DSH-PM method, the phase noise measurement results of di�erenttypes of semiondutor lasers will be extensively analysed in setion 3.3. Finally,setion 3.4 will onlude the hapter.3.1 Laser phase noise haraterization methodsAmong the various measurement tehniques for phase noise haraterization, theDelayed Self-Heterodyne method has been widely employed to determine thelaser linewidth from the full-width half-maximum of the eletrial spetrum of44



the modulating arrier frequeny [7, 8℄. However, as it only measures the 3-dBlinewidth, onventional self-heterodyne measurements an not fully haraterizethe laser phase noise [5, 7℄. This onventional method fails to distinguish theindividual ontributions of di�erent phase noise proesses. In modern oherentoptial ommuniations systems, where the phase of the optial �eld is used toarry information, the need for detailed understanding of the di�erent phase noiseproesses in semiondutor lasers beomes important. Reently, we proposed anovel tehnique for phase noise measurements using the Delayed Self-Heterodynemethod with Phase Modulation detetion [9℄. The proposed tehnique an de-termine the di�erential phase oherently, thus allowing a more omplete hara-terization of the phase noise for di�erent lasers. In this setion, we review theanalytial model for the proposed method and ompare it with the onventionalDelayed Self-Homodyne method employing oherent reeiver.3.1.1 Analytial Model for Delayed Self-Heterodyne methodusing Phase-Modulation detetionIn this sub-setion, we review the theoretial basis of the Phase Modulation (PM)detetion for the Delayed-Self Heterodyne method as shown by the blok diagramin Fig. 3.1a. The main idea of the proposed measurement method is as follows.The light from the semiondutor laser will be split into two paths, one pathwill be su�iently delayed (to de-orrelate between the two E-�elds), while theother path will be modulated by an optial phase modulator. By looking at boththe �rst and the seond harmonis of the deteted signal after the two optialpaths are reombined, we an oherently reover the full-�eld information of thedi�erential eletri �eld ombined from the two paths.The eletri �eld of the optial output from a single-mode laser an be ex-pressed in omplex notation as:
E(t) =

√

P0 +∆P (t)× ej[ω0t+φn(t)] (3.1)where P0 + ∆P (t) is the optial output power, ω0 is the angular optial fre-queny and φn(t) is the laser phase noise. The inident E-�eld on the photo-detetor an be written in terms of the delayed and phase-modulated signals:
Ei(t) =

1

2

[

γE(t− T )−E(t)× ej[b sin(ωct+φc)]
]

=
1

2
E(t)

[

γe−j[ω0T+φn(t)−φn(t−T )] − ej[b sin(ωct+φc)]
] (3.2)45



Here γ is the splitting ratio between the two arms, T is the delay of the �berspool, b is the PM index, and ωc, φc are the modulating arrier frequeny andphase of the driving signal at the phase modulator input, respetively. The neg-ligible intensity �utuation of a single-mode laser operating well above thresholdis assumed to be unhanged over the delay time so that ∆P (t − T ) ≈ ∆P (t).The output eletrial urrent from the photo-detetor having responsivity R isproportional to the intensity whih is itself determined by the slowly varyingenvelope of the inident �eld (or the lowpass omponent of the rossing term):
ipd(t) = R× Ei(t)E

∗
i (t)

=
γR [P0 +∆P (t)]

2
× (3.3)

[

(1 + γ2)

2γ
− cos [ω0T + φn(t)− φn(t− T ) + b sin(ωct + φc)]

]Ignoring the DC term (whih an be anelled by means of a DC-Blok orbalaned photo-detetors) and expanding the seond term in equation 3.3 with
∆φn(t) = φn(t)− φn(t− T ):

ipd(t) = −γR [P0 +∆P (t)]

2
cos [ω0T +∆φn(t)] cos [b sin(ωct+ φc)]

+
γR [P0 +∆P (t)]

2
sin [ω0T +∆φn(t)] sin [b sin(ωct+ φc)] (3.4)Reall the Bessel oe�ient expansions:

cos [b sin(ωct+ φc)] = J0(b) + 2
∞
∑

k−even

Jk(b) cos [k(ωct + φc)]

sin [b sin(ωct+ φc)] = 2

∞
∑

k−odd

Jk(b) sin [k(ωct+ φc)] (3.5)where Jk(b) is the Bessel funtion of the �rst kind with integer order k. Thein-phase omponent I(t) = cos [∆φn(t) + ω0T ] and quadrature omponentQ(t) =

sin [∆φn(t) + ω0T ] of the di�erential phase noise ∆φn(t) (plus a onstant phaseo�set ω0T ) an then be found at even and odd harmonis of the photo-detetoreletrial signal in equation 3.4. In partiular at the �rst and seond harmonisthey are given by:
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i
(1st)
pd (t) = J1(b)γR [P0 +∆P (t)]Q(t) sin(ωct + φc)

i
(2nd)
pd (t) = −J2(b)γR [P0 +∆P (t)] I(t) cos [2(ωct+ φc)] (3.6)Notie that the in-phase omponent an also be found from the base-bandterm as:

i
(bb)
pd (t) = −1

2
J0(b)γR [P0 +∆P (t)] I(t) (3.7)Assuming that the intensity noise ∆P (t) is negligible, equations 3.6 show that

ipd(t) an be oherently demodulated to reover the di�erential phase noise∆φn(t).In o�-line DSP, the aptured data of ipd(t) are demodulated by − cos [2(ωct + φc)]and sin(ωct + φc). A simple arrier phase reovery algorithm estimates φc priorto demodulation. The phase reovery was implemented by sweeping the arrierphase from 0 to 2π and seleting φc so that it maximizes the root-mean-square(rms) value of the demodulated signal. The low-noise and stable mirowave sig-nal generator in our experiment obviates the need to trak φc over the sam-pling period. Notie that the modulation index b should be adjusted so that
J1(b) = J2(b), or b ≈ 2.63, for balaned I/Q outputs.The phase noise analysis evaluates (i) E-�eld power spetral density (PSD),(ii) phase-error variane, and (iii) FM-noise spetrum [5℄. Due to the nature ofthe self-heterodyne method, these measures will be twie the atual values of thelaser linewidth. Thus, for example, the estimated 3-dB FWHM linewidth, of thelaser is one-half of the 3-dB FWHM bandwidth of the one-sided PSD measured atthe �rst or seond harmoni of the modulating arrier. The phase-error varianeover a time interval τ an be determined from the measured phase noise as:

σ2
∆φ(τ) =

〈

[∆φn(t)−∆φn(t− τ)]2
〉

=
〈

{[φn(t)− φn(t− T )]− [φn(t− τ)− φn(t− τ − T )]}2
〉

=
〈

{[φn(t)− φn(t− τ)]− [φn(t− T )− φn(t− T − τ)]}2
〉

⇒ σ2
∆φ(τ) = 2

〈

[φn(t)− φn(t− τ)]2
〉

= 2σ2
φ(τ) (3.8)for τ ≪ T , and su�iently large T so that φn(t) and φn(t−T ) are statistiallyunorrelated. The phase-error variane of the laser, σ2

φ(τ) = 〈(φn(t)− φn(t− τ))2〉is thus one-half of the di�erential phase-error variane, σ2
∆φ(τ), determined from47



(a) Self-Heterodyne PM detetion method
(b) Self-Homodyne optial oherent reeiver methodFigure 3.1: Experimental setups for self-heterodyne PM detetion method andself-homodyne optial oherent reeiver methodthe self-heterodyne (or self-homodyne) measurements. If the laser phase noisewas ideally desribed by a random walk proess, the phase-error variane as de-termined from equation 3.8 would inrease linearly with τ and the slope from alinear �t to the measurements will be given as 2π(2∆ν). The FM-noise spetrumis de�ned as the PSD of the instantaneous frequeny whih an be obtained bydi�erentiating the phase noise. The estimated 3-dB linewidths from the FM-noisespetra ould be determined from the white noise region, S0, of the measurements:

∆ν = π(S0/2) [6℄.3.1.2 Analytial Model for Delayed Self-Homodyne methodwith optial oherent reeiverIn order to evaluate the PM detetion tehnique, we have also arried out delayedself-homodyne measurements with an optial 90o hybrid as illustrated in Fig. 3.1band Fig. 3.2. The fundamental funtions of the optial 90o hybrid an be foundin, for example, referene [2℄. The basi idea of this measurement method is that:the light from the semiondutor laser will be split into two paths and one pathwill be su�iently delayed as in the previous DSH-PM method; however the otherpath will not be modulated and the two de-orrelated E-�elds will diretly enterthe optial 90o hybrid; �nally the full-�eld information of the di�erential eletri�eld will be reovered from reeived baseband signal.The E-�elds at the inputs to the 90o hybrid in Fig. 3.2 are:
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Figure 3.2: Delayed self-homodyne method for phase noise haraterization withoptial 90o hybrid
[

ED(t)

EL(t)

]

=
1√
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[

γE(t)× e−j[ω0T+φn(t)−φn(t−T )]

jE(t)

] (3.9)where ED(t) and EL(t) denote the E-�eld of delayed arm and through arm,respetively. The E-�eld transfer matrix of the 90o hybrid [2℄ an be expressedas:
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] (3.10)where E1−4(t) are the inident E-�elds to the four photodiodes. The outputeletrial urrents from the two upper photo-detetors are:
I1(t) =

γR[P0 +∆P (t)]

4

{

(1 + γ2)

2γ
+ cos

[

ω0T +∆φn(t) +
π

2

]

}

I2(t) =
γR[P0 +∆P (t)]

4

{

(1 + γ2)

2γ
− cos

[

ω0T +∆φn(t) +
π

2

]

} (3.11)The output urrent on the upper balaned photo-detetor an then be ex-pressed as:
IQ(t) = I2(t)− I1(t) =

γR[P0 +∆P (t)]

2
sin [ω0T +∆φn(t)] (3.12)The output urrent on the lower balaned photo-detetor an be determinedin a similar fashion to yield:

II(t) = I3(t)− I4(t) =
γR[P0 +∆P (t)]

2
cos [ω0T +∆φn(t)] (3.13)Thus, the in-phase and quadrature omponents of the di�erential phase noise

∆φn(t) an be obtained with self-homodyne method as shown by equations 3.12and 3.13. The phase noise analysis is then arried out for the aptured I/Q datato determine the E-�eld PSD, phase-error variane and FM-noise spetrum asdesribed previously. 49



3.2 Experiment setup for phase noise measure-mentsThe initial experimental setup for phase noise measurements with the DSH-PMtehnique is shown in Fig. 3.1a, in whih the laser under test was optiallyisolated and then split into two arms by a oupler. The delayed arm was a 12 kmSMF �ber spool whih is equivalent to a delay, T , ≈ 60µs. The other arm wentthrough a phase modulator driven by a 2 GHz signal generator. The light fromthe delayed and phase modulated arms were reombined via a seond oupler.An 11 GHz photo-detetor with an integrated transimpedane ampli�er (TIA)detets the inident light from the oupler output. An Agilent real-time sopeaptured the TIA output signal at 20 GSa/s for 200K samples that were thenfed into a omputer for post-proessing as shown in the DSP-o�ine blok in Fig.3.1a. The signal generator output was ampli�ed to 19 dBm to provide su�ientdrive (PM index b) to the modulator in order to ahieve equal powers at the �rstand seond harmonis on an RF spetrum analyzer, as indiated by the inset inFig. 3.1a.Figure 3.1b shows the experimental setup for the delayed self-homodyne phasenoise measurement. The delayed arm employs the same 12 km �ber and the twoarms are now fed into a 90o hybrid. The optial outputs of the hybrid weredeteted by a pair of 30 GHz balaned reeivers with integrated TIAs. The real-time osillosope aptured I and Q output signals from the balaned reeivers forpost-proessing. In both methods, the lasers under test were biased well abovetheir respetive threshold urrents.To fully haraterize the phase noise of semiondutor lasers, we simultane-ously use three measures: the power spetral density of the eletri �eld, thephase error variane σ2
φ(τ) where τ is the delay time interval, and the FM-noisespetrum as disussed in the previous hapter. The relationship between thethree phase noise measures an be summarized in Fig. 3.3 and table 3.1 [5℄.3.3 Phase noise measurement results for semion-dutor lasersEmploying the measurement experiment setup presented in the previous setion,we arried out extensive phase noise haraterizations of di�erent kinds of semi-ondutor lasers. In this setion, we report experimental results of phase noiseanalysis for: distributed feedbak lasers (DFB), external avity lasers (ECL), and50



Figure 3.3: Relations between the omplex E-�eld E(t), the phase error (phasedi�erene) ∆φτ (t), the �eld spetrum S(f), the FM-noise spetrum Sf (f), andthe phase-error variane σ2
φ(τ) [5℄.

Equation number Equation(1) S(f) = 〈|F [E(t)]|2〉(2) ∆φτ (t) = φ(t)− φ(t− τ)(3) σ2
φ(τ) = 〈∆φ2

τ (t)〉(4) S∆φτ
(f) = 4

[

sin(πfτ)
f

]2

Sf(f)(5) σ2
φ(τ) = 4

´∞

0

[

sin(πfτ)
f

]2

Sf (f)df(6) S(f) = F
[

exp(−σ2

φ
(τ)

2
)
]Table 3.1: Equations for Fig. 3.3, F [∗] represents the Fourier transform, and 〈∗〉is the ensemble average [5℄.
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espeially, the four-setion SG-DBR laser. The measurement results of the on-ventional DFB laser from the two phase noise haraterization methods are alsoused to evaluate the auray of the proposed DSH-PM method. The feasibil-ity of these lasers in oherent optial ommuniations appliations will also bedisussed.3.3.1 Phase noise measurements of Distributed FeedbaklasersFigure 3.4 shows the results of the DFB laser phase noise analysis using theDSH-PM and the self-homodyne methods. For eah method, the results wereobtained by analyzing the PSD of the reeived E-�eld, phase-error variane andFM-noise spetrum. For the PM detetion method, the one-sided PSD of theE-�eld at the �rst harmoni (2 GHz) in Fig. 3.4a yields an estimated 3-dBlinewidth of 6.5 MHz. Figure 3.4 plots the measured phase-error variane overa 50 ns time interval to determine a linearly �tted linewidth ∆ν of 6.7 MHz.This estimate is onsistent with the result from the PSD and demonstrates therandom walk in phase harateristis of DFB lasers. The FM-noise spetrum isplotted in Fig. 3.4e showing the white FM noise harateristis whih orrespondto a random-walk phase �utuation with a 6.4 MHz linewidth, ∆ν. The highfrequeny response is due to low-pass �ltering the spurious harmonis of thePM arrier frequeny at 2, 4, 6 and 8 GHz using a low pass �lter with a 3dBfrequeny of 900 MHz. The PM frequeny ould be inreased should higherfrequeny haraterization be desired.The estimated linewidths ∆ν using the oherent reeiver from Fig. 3.4b, Fig.3.4d and Fig. 3.4f were 6 MHz, 5.9 MHz, 5.7 MHz, respetively. The FWHM3dB linewidth was estimated from the single-sided PSD of the reeived E-�eldin Fig. 3.4b by measuring the spetral width at 10 dB down, and then dividingthe measured value by 3. The estimated linewidths ∆ν from the phase-errorvariane and FM-noise spetrum in Fig. 3.4d and Fig. 3.4f were alulated in asimilar manner with the PM detetion method. The above results of the DFBlaser phase noise measurement show good agreement between the 3-dB linewidthestimates from the E-�eld PSD, phase-error variane and FM-noise spetrum forthe DFB laser. The self-heterodyne method with PM detetion and the self-homodyne method with optial oherent reeiver results are within about 15% ofone another and experimentally validate the proposed method.In ontrast to the advantages of a simple, ost e�etive measurement setup,the proposed self-heterodyne method with PM detetion has some limitations52



(a) PSD of E-�eld (b) PSD of E-�eld

() Phase-error variane (d) Phase-error variane

(e) FM-noise spetrum (f) FM-noise spetrumFigure 3.4: Phase noise measurement for standard DFB laser with Self-Heterodyne using PM detetion methods (a,,e) and Self-Homodyne method(d,b,f)
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in terms of the requirement for higher eletrial bandwidth reeiver and sam-pling rate of the sope, ompared with the onventional delayed self-homodynemethod, to observe the same frequeny range. Reently, with the development inphotoni integration, the ost and omplexity of the fully oherent reeiver hasbeen redued signi�antly. The onventional delayed self-homodyne method hasmanifested itself as a favorite haraterization method with improved aurayompared with the delayed self-heterodyne method with PM detetion.Besides the white-FM noise, the DFB lasers also experiene the low frequeny�iker noise as disussed in the previous hapter. Figure 3.5a shows the FMnoise spetra of the DFB laser from the DSH-PM method and from the self-homodyne method at 20 GSa/s sampling rate. The FM-noise PSDs that havebeen plotted in Fig. 3.5a are in good agreement with eah other and orrespondto an intrinsi linewidth of 6 MHz from the white noise region S0 = (∆ν/π) = 6×
106/π[Hz2/Hz], and to very low frequeny �iker noise with K1 = 1.5×1011[Hz2]or f1 = K1/S0 = 78.5KHz. The measured phase-error varianes from the twomethods are in good agreement with eah other and also with the analytialmodels as in Fig. 3.5b over the 50 ns delay interval. The analytial modelswill be derived in details in the subsetion 3.3.3.1. We also performed numerialintegration of FM-noise PSD to ahieve the phase error variane as in Table 3.1( with the lower and upper frequeny limits of the measurement: fL = 1KHzand fU = 10GHz ) using Gaussian quadrature method to validate the analytialresults in Fig. 3.5b. The phase noise analysis for the DFB laser on�rms that thewhite FM noise yields linear phase-error variane as determined by the intrinsilinewidth over short delay intervals that are less than 50 ns. The variane deviatesfrom linearity [5℄ due to the �iker noise and has moderate quadrati dependenywhen observed over a longer delay interval. The �iker noise of the DFB laserthus would only a�et the performane of low baud-rate systems.3.3.2 Phase noise measurements of External Cavity lasersIn ontrast with DFB lasers, the ECL has additional random-walk frequeny�utuation [7, 9℄. This low-frequeny noise behavior ould be observed in Fig.3.6 with the DSH-PM method at the redued sampling rate of 20 MSa/s. Thephase variane in Fig. 3.6 deviates signi�antly from linearity over the 50µsdelay interval. A polynomial �t to the variane in Fig. 3.6 yields the asymptotislope at zero delay that orresponds to ∆ν ≈ 130kHz. The FM-noise spetrumin Fig. 3.6d shows 1/f 2 noise below 6 kHz that orresponds to a random walk infrequeny, in addition to the dashed line approximation to the white FM noisethat orresponds to ∆ν ≈ 168kHz. 54



(a) FM spetrum of DFB laser (b) Phase-error variane of DFB laserFigure 3.5: Analytial and measured FM spetrum and phase-error variane ofDFB laser from the DSH-PM method and Self-Homodyne method.

(a) PSD at modulating frequeny 2 GHz (b) PSD at modulating frequeny 5 MHz

() Phase-error variane (d) FM-noise spetrumFigure 3.6: Phase noise measurement for the HP ECL laser55



In omparison the 3-dB linewidth estimate from the PSD was nearly twie aslarge at 350 kHz due to random-walk �utuation of the optial arrier, as shown bythe PSD in Fig. 3.6a, and by the broadening of the averaged eletrial spetrum inFig. 3.6b. The PSDs in dash line presented in Fig. 3.6a were examples of random-walk moving Lorentzian spetral with ∆ν ≈ 168kHz. Similar measurements withthe oherent reeiver have yielded linewidth estimates of 150 kHz, 155 kHz and300 kHz that have been determined in the same manner from the phase-errorvariane, FM-noise spetrum and E-�eld PSD. In onlusion, the E-�eld PSD ofan ECL overestimates the linewidths that have been determined from the phase-error variane and FM-noise spetrum beause the phase noise deviates from theideal random walk model.3.3.3 Phase noise measurements of multi-setion monolithitunable lasersAs disussed in the previous hapter, the SG-DBR monolithi tunable laser ex-hibits additional �ltered FM-noise, �iker noise (1/f noise) and random-walkfrequeny noise (1/f 2 noise). Espeially, from the experimental observation, theontribution of 1/f noise and 1/f 2 noise to the total phase noise in the SG-DBRlaser is signi�antly important . In this subsetion, before analyzing the phasenoise haraterization results of the SG-DBR laser, we �rstly derive the analyti-al model for phase error variane (σ2
φ(τ)) from the FM-noise spetrum inludingwhite-FM noise, the �iker noise and random-walk frequeny noise [10℄. Thismodel is useful for the disussion on the measurement results in the next subse-tion. The phase-error variane is also the widely used measure to evaluate theultimate BER performane of the oherent ommuniations systems [4℄.3.3.3.1 Analytial expression for phase-error varianeThe phase noise proesses of a semiondutor laser may onsist of white FM-noise, �iker noise and random-walk noise so that the FM noise spetrum of thelaser an expressed as follows [7, 10℄:

Sf(f) = S0 +
K1

f
+

K2

f 2
= S0

[

1 +
f1
f

+

(

f2
f

)2
] (3.14)where f1 = K1/S0, f2 =√K2/S0. Here Sf (f) is the FM noise PSD, S0 is theuniform PSD of the white FM noise, f1 and f2 are the orner or break frequeniesof the exess �iker 1/f noise, and random-walk 1/f 2 FM noise, respetively. Themeasured phase-error variane of the laser an be re-expressed as:56



σ2
φ(τ) = 4

ˆ fU

fL

Sf (f)
sin2(πfτ)

f 2
df (3.15)where fL and fU are the lower and upper frequeny limits of the measurementsystem. Replaing Sf(f) with equation 3.14 and substituting x = πfτ , equation3.15 an be rewritten as:
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] (3.16)The analytial formula for the phase-error variane an be obtained by per-forming the respetive integrations of the white, �iker and random-walk FMnoise terms in equation 3.16. The �rst integral orresponds to white FM noiseand an be integrated by parts to yield:
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dy (3.18)where y = 2x. As xL approahes zero and xU goes to in�nity, the �rst term inequation 3.17 vanishes and the seond term an be expressed as the sine integralfuntion Si(.), Si(x) = ´ x
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dt, whih onverges to π/2 so that:
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(3.19)The seond integral in equation 3.16 orresponds to �iker FM noise and anbe integrated by parts twie as follows.
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1/2 and the seond term onverges to 1. The third term in equation 3.21 an bewritten in terms of a osine integral funtion Ci(.). So the phase-error varianeof the �iker noise is given by:
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I2 = 1.5 + Ci(2πfUτ)− Ci(2πfLτ) (3.22)The third integral in equation 3.16 orresponds to the random-walk FM noiseand an be integrated by parts repeatedly as follows.
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dx (3.23)When xL approahes zero and xU goes to in�nity, the �rst term approahes

1/3xL, the seond term approahes 1/3xL, and the third term also approahes
1/3xL. The last term is again the sine integral whih onverges to (2/3)(π/2) =

π/3.
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(3.24)Together equations 3.19, 3.22 and 3.24 yield the expression below for thephase-error variane:
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]](3.25)Finally, with S0 = ∆ν/π, the formula for the phase-error variane is as below:
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](3.26)From equation 3.26, we an observe that the white FM, or Wiener, noiseproess would yield perfetly linear phase-error variane: σ2
φ(τ) = 2π∆ντ for f1 =

f2 = 0. The �iker FM noise would yield quadrati phase-error variane due tothe seond term that involves (f1τ). In low-noise osillators the orner frequenyfor random-walk noise, f2, would normally our well below �iker noise: f2 ≪ f1.That is, �iker noise is more dominant and the e�ets of random-walk FM noise(the last two terms) ould be safely ignored. For example, �iker noise is prevalentin DFB lasers where the (moderately quadrati) deviation from linear phase-errorvariane has been observed [5, 15℄. However, in the next subsetion, we will showthat this is not the ase with SG-DBR lasers where random-walk FM noise hasbeen found to be prevalent [11℄. Random-walk exess noise that is dominating,58



i.e., f2 ≫ f1 , would yield strongly quadrati phase-error variane due to thethird term in equation 3.26 that inludes (f2τ). Notie in this ase that there isalso a omparatively weak ubi dependeny due to the last omponent, (f2τ)2,that would be signi�ant over a longer interval suh that πf2τ > 1.We onlude from equation 3.26 that the exess �iker and random-walk FMnoise will not a�et low baud rate systems if the symbol duration T is su�ientlyshort suh that
(2f1T ) [1.5 + Ci(2πfUT )− Ci(2πfLT )] +

(

f2
fL

)

(2f2T )−
2

3
(πf2T )

2] ≪ 1It is lear from equations 3.16 and 3.26 that σ2
φ(τ) does not onverge if fL = 0with exess noise. It stands to reason that in pratie fL > 0 for �nite mea-surements of the phase-error variane sine the duration of the observations andmeasurements is neessarily �nite, and an estimate of fL an be determined fromthe �nite model for σ2

φ(τ). This also suggests that the low frequeny limit of adigital oherent reeiver ould a�et the system performane in the presene ofexess laser phase noise.3.3.3.2 Experimental resultsWe employed a four-setion (gain, front, bak and phase setions) tunable laserthat an be quasi-ontinuously tuned over the C-band. The phase noise of theSG-DBR laser has been reported to onsist of (i) white FM-noise from around 1GHz to less than 6 GHz, (ii) low frequeny exess noise at below a few hundredsMHz and (iii) high-frequeny relaxation osillation at approximately 6 GHz [11,12, 13℄. We have performed the measurements with the PM detetion tehniqueto haraterize the phase noise of the SG-DBR laser so that the performane ofoherent optial ommuniation systems employing these tunable lasers ould bedetermined. We note that the relaxation osillation ould also be observed withthe PM detetion method by inreasing the modulating arrier, whih is 2 GHzin this work, beyond the relaxation frequeny.Figure 3.7 shows the results of the phase noise analysis for the SG-DBR laserwhen biasing the gain setion only (at 100 mA), with the tuning setions termi-nated. The PSD of the E-�eld at the �rst harmoni shows an estimated linewidthof 5.5 MHz in Fig. 3.7a, while the phase-error variane and the FM-noise spe-trum in Figs. 3.7 and 3.7e deviate from the ideal white FM noise model. TheFM-noise spetrum in Fig. 3.7e has not only a white noise region that orre-sponds to a 300 kHz linewidth, but also exess 1/f noise below 200 MHz [11, 13℄.59



(a) PSD of E-�eld (Gain setion only) (b) PSD of E-�eld (omparison)

() Phase-error variane (d) Phase-error variane (Comparison)

(e) FM-noise spetrum (f) FM-noise spetrum (Comparison)Figure 3.7: Phase noise measurement of SGDBR laser
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The phase-error variane is thus no longer linear as shown in Fig. 3.7, where theslope at the origin has been approximated by the dashed line using the estimated300 KHz linewidth from Fig. 3.7e.The PSD that has been plotted in Fig. 3.7e yields an FM noise model withan intrinsi linewidth of 300 kHz from the white noise region, S0 = ∆ν/π = 3 ×
105/π[Hz2/Hz], and the �iker noise with K1 = 4.5×1012[Hz2] or f1 = K1/S0 =

47.1MHz. Figure 3.7 plots the analytial phase-error variane determined byequation 3.26 from the FM noise model as well as the numerial integration resultof equation 3.15 using Gaussian quadrature method. The results again show astrong agreement between the analytial model and the experiments as shown inFigs. 3.7 and 3.7e.The exess noise also broadens the observed linewidth [14, 15, 16℄ of the E-�eld PSD, shown by Fig. 3.7a. The degree of linewidth broadening is largelydetermined by its break frequenies [16℄. The FM-noise spetrum in Fig. 3.7eshows a break frequeny near 50 MHz. As a result, the linewidth of the SG-DBRlaser was signi�antly broadened from 300 KHz due to white FM noise (primarilyfrom spontaneous emission in the ative region) to 5.5 MHz due to the preseneof exess noise. In terms of devie struture, the SG-DBR laser di�ers from aDFB laser in that it has separate, passive tuning setions. Thus, besides theinjetion-reombination shot noise that results in exess laser noise [11, 18℄, thearrier density �utuation in the tuning regions an have a large ontribution onthe noise levels [11, 17℄. In addition to the exess noise from the urrent sourethat biases the tuning setions, as there is no stimulated emission and absorptionin the passive regions, the refrative index of these setions will be determined bythe �utuations of the arrier density, while in the ative region the exess noiseis e�etively suppressed thanks to the gain laiming mehanism [17℄.Figure 3.7 also ompares the phase noise harateristis of the SG-DBR laserwhen biasing the gain setion only, and when simultaneously biasing the gain andtuning setions. The results demonstrated that the tuning regions an introduesigni�ant random-walk FM noise. Figure 3.7b shows that the linewidth fromthe E-�eld PSD was further broadened from 5.5 MHz to 19.3 MHz when all se-tions were biased. The exess noise that auses the linewidth broadening an beobserved with the FM-noise spetrum in Fig. 3.7f. The high frequeny white FM-noise region was the same for both ases, orresponding to an intrinsi linewidth ofabout 300 kHz. When all setions were biased, the break frequeny of the exessnoise extended to about 400 MHz ompared to less than 200 MHz when biasingthe gain setion only. The laser phase noise an be approximately desribed bythe model in equation 3.14 with the white FM noise S0 = 3 × 105/π[Hz2/Hz],61



the �iker FM noise K1 = 4.5 × 1012[Hz2] or f1 = 47.1MHz, and the random-walk FM noise K2 = 3.5 × 1021[Hz3] or f2 =
√

K2/S0 = 191.5MHz. Figure3.7d plots the analytial phase-error variane determined by equation 3.26 fromthe FM noise model as well as the numerial integration result of equation 3.15using Gaussian quadrature method. The results again show a strong agreementbetween the analytial model and the experiments as shown in Figs. 3.7d and3.7f when biasing both gain and tuning setions of the laser. The e�et of therandom-walk noise an be observed in Fig. 3.7d where the phase-error variane,with all setions biased, deviates from linearity signi�antly. In partiular, thephase-error variane at 1 ns time delay, whih orresponds to the symbol timeassoiated with 1 Gbaud line rate, has inreased by nearly one order of magnitudeompared to the values predited either by the intrinsi linewidth or the �ikernoise. The above analysis shows that the exess phase noise is signi�ant andtherefore potentially ould degrade the bit-error rate (BER) performane of a o-herent ommuniation system. A previously reported DPSK system operating at1.25 Gbaud experiened a BER �oor of around 10−5 with an SG-DBR laser trans-mitter, when biasing all setions [19℄. This an be explained from Fig. 3.7d wherethe phase-error variane at 0.8 ns was about 0.04 rad2 whih is the theoretiallimit for DPSK at 10−9 BER [20℄. The phase noise impat of SG-DBR lasers onduobinary and DQPSK modulated pakets at 42.6 Gbit/s line rate has also beendesribed in [21℄. As optial oherent systems have been trending towards m-PSKand m-QAM modulation formats, the requirements on the laser phase noise havebeome even more stringent [2, 3, 4, 5℄. In [4℄, the theoretial limits of the phaseerror-variane at 10−4 BER were derived for di�erent modulation formats withoherent detetion based on deision-aided maximum likelihood phase reovery.The authors reported that the limits were σ2
φ = 1.2 × 10−2 and σ2

φ = 2.3 × 10−3for QPSK and 16-QAM, respetively. Suh phase noise requirements an be ef-fetively haraterized by the PM detetion method.3.4 SummaryIn this hapter, we have reviewed the two phase noise haraterization meth-ods: the proposed delayed self-heterodyne using PM detetion tehniques andthe onventional delayed self-homodyne with optial oherent reeiver. The anal-ysis showed that the in-phase and quadrature omponents of the self-heterodynesignal an be demodulated at the �rst and seond harmonis of the phase mod-ulating arrier, enabling full reovery of the di�erential phase. In omparison,the delayed self-homodyne method reovers the di�erential phase via quadrature62



demodulation at the optial arrier. We then employed the PM�DSH tehniqueto haraterize the phase noise of di�erent types of semiondutor lasers. Themeasurement results on�rm that while the phase noise harateristi of the DFBlaser is primarily determined by white FM noise with very low frequeny �ikernoise, the SG-DBR laser in addition has signi�ant exess noise from the tuningsetions that auses linewidth broadening due to �iker and random-walk FMnoise. The analytial formula to determine the phase-error variane from the FMnoise spetrum was derived and the results showed that the exess phase noise issigni�ant and therefore potentially degrades the BER performane of a oherentommuniation system employing tunable laser transmitter suh as SG-DBR de-vies. The experimental results also show that the ontribution of the eletrialnoise from the power supplies to the passive setions of the SG-DBR laser is sig-ni�ant. That ould be redued through the use of the low noise urrent soureor a battery soure to redue the exess FM-noise from the passive setions.The requirements on the laser phase noise have beome more stringent asoherent optial systems move towards ever higher order modulation formats toahieve better spetral e�ieny and inreased tolerane to �ber dispersion andnon-linearity. Conventional delayed self-heterodyne measurements only deter-mine the laser 3dB linewidth whih is insu�ient for evaluating the system per-formane. The PM detetion method thus extends the apability of the Delayed-Self Heterodyne tehnique by oherently reovering the di�erential E-�eld of thelaser, and provides an e�etive alternative to the self-homodyne method for opti-al oherent measurements. This allows for a more omplete haraterization ofthe laser phase noise, whih in turn enables a more aurate predition of systemperformane.As disussed previously, the laser phase noise is essentially setting the lowerbound for the BER performane in oherent optial ommuniations systemswhere both phase and amplitude of the optial �eld are utilized to transmit in-formation. The e�ets of di�erent phase noise proesses in semiondutor lasers,espeially the SG-DBR laser, on the ultimate performane of the oherent om-muniations systems will be extensively investigated in the next hapter. Basedon that investigation, some novel tehniques to overome the impat of largelaser phase noise in optial ommuniations will subsequently be proposed andevaluated.
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Chapter 4Laser Phase Noise and AdvanedModulation FormatsIn the preeding hapters, the sophistiated phase noise proesses of the SG-DBRlasers have been examined. With the aim of deploying this type of monolithitunable laser in an optial ommuniations system with advaned modulationformats, in this hapter, we will extensively investigate the performane of thesesystems employing the SG-DBR laser. The ompliated phase noise harateris-tis of the SG-DBR laser pose a signi�ant impat on oherent systems with highorder QAM modulation formats. The experimental results expose that: the whiteFM-noise basially de�nes the lower bound of the BER performane of a oherentommuniations system while the other additional FM-noise proesses will leadto the unpreditable performane degradation. To overome this issue, we pro-pose novel methods that either employ advaned DSP in onventional oherentdetetion systems or new transmission shemes.The hapter is strutured as follows: in setion 4.1, we experimentally exam-ine the e�ets of phase noise of the SG-DBR lasers on a onventional oherentommuniations system employing high order QAM modulation formats. A newphase traking algorithm utilizing a seond-order deision-direted Phase-LokedLoop (DD-PLL) is proposed to solve the problem of the exess phase noise inSG-DBR lasers. The e�ets of phase noise of the SG-DBR lasers on Cyle Slips(CS) are also investigated in this setion. In the following setion, setion 4.2,we propose a novel transmission sheme for QPSK employing a Phase Modula-tion detetion tehnique to overome the problem of the phase noise in SG-DBRlasers. In setion 4.3, a novel Baudrate-Pilot-Aided transmission sheme withdiret detetion will be demonstrated for 16-QAM modulation format that ef-fetively overomes the problem of large phase/frequeny noise in semiondutorlasers, espeially the SG-DBR lasers. Finally, setion 4.4 will summarize the67



hapter.4.1 The e�ets of phase noise of monolithi tun-able lasers in oherent detetion systemsMulti-level modulation has been identi�ed as one of the key tehnologies to ad-dress the apaity inrease in Dense Wavelength Division Multiplexing optialnetworks [1℄. Optial transmissions systems employing digital oherent reeiversand advaned optial modulation formats whih o�er high spetral e�ieny havethus beome a ritial enabling omponent. The phase noise harateristis ofthe lasers in these oherent systems an limit the bit-error rate performane,espeially under higher-order quadrature amplitude modulation shemes fromQuadrature Phase Shift Keying, to 16-QAM and to 64-QAM [1, 2℄. The 3-dBlinewidth from the delayed self-heterodyne measurement has typially been themetri for determining whether the laser will work in a spei� oherent systemwith a ertain baud rate and modulation format. However, the observed 3-dBlinewidth, whih is broadened due to 1/f noise [3℄, has been shown to be aninomplete measure of the laser phase noise as disussed in the previous hapter[4, 5℄. In this setion, we �rstly ahieve the FM-noise spetrum of a DistributedFeedbak laser and a Sampled-Grating Distributed Brag Re�etor laser [6℄ usingthe Delayed Self-Heterodyne employing Phase Modulation detetion tehnique[4℄. We then experimentally evaluate the e�ets of the laser phase noise on theoherent ommuniations systems employing 16-QAM at 5 Gbaud and QPSKoperating at 10.7 Gbaud. Experimental results show that the system operationwas signi�antly a�eted by the high 1/fα noise of the SG-DBR devie. Theresults also on�rmed that the white FM noise level largely de�nes the overallperformane of oherent detetion.4.1.1 Basi onept of optial oherent detetionCurrent optial oherent ommuniations systems (for ommerial networks andfor majority of urrent researh) are basially deployed as an intradyne detetionsheme based on the two key optial omponents: (1) the IQ modulator [7, 8℄whih onsists of two nested single-drive-MZMs and a 90o phase-shifter on onearm as in Fig. 4.1a; and (2) the optial 90o hybrid aompanied by two balanedphoto-detetors [7, 8℄ as in Fig. 4.1b. By utilizing these two omponents, bothamplitude and phase of the optial omplex �eld an be manipulated to arryinformation. The intradyne detetion sheme is a oherent reeption tehnique68



(a) (b)Figure 4.1: Coneptual illustration of (a) IQ modulator for transmitter, and (b)optial 90o hybrid for intradyne-reeiver in urrent oherent optial ommunia-tions systems.introduing a small frequeny o�set (muh smaller than the system baudrate)between the transmitter laser and the loal osillator. The referenes [7℄ and [8℄explain in more detail the basi operational onepts of this oherent ommuni-ations system. In this subsetion we will onentrate on the e�ets of the laserphase noise whih de�nes the lower bound of the BER performane of the fullyoptial oherent systems.Following the notation in [9℄, ignoring the nonlinearity of the �ber link (launhedpower ould be ontrolled to satisfy this assumption) and �ber dispersion, the re-eived signal in optial oherent systems is ontaminated by lasers phase noiseand additive Gaussian noise and modeled as:
r(k) = c(k)ejθ(k) + n(k) (4.1)where c(k) is de�ned as the transmitted symbol, θ(k) is the laser phase noiseat sampling point and n(k) presents the additive Gaussian noise with the vari-ane N0/2 = σ2

N . At the reeiver, a referable phase traking tehnique ould beemployed to estimate the laser phase noise θ̂(k). That leads to a phase error afterthe phase traking φ(k) = θ(k) − θ̂(k). We an numerially evaluate the BER
Pb(e) based on the probability density funtion (PDF) of φ(k) as:

Pb(e) =

ˆ π

−π

Pb(e|φ)p(φ)dφ (4.2)where Pb(e|φ) is the BER onditioned on a �xed value of phase error φ(k) and
p(φ) is the PDF of the phase error.Firstly, we �nd the expression for Pb(e|φ) in equation 4.2. The rigorous deriva-tion of Pb(e|φ) for QPSK and 16-QAM an be found, for example, in [9℄. Seondly,we would need the PDF p(φ) of the phase error. From the widely known refer-enes, the phase error after phase traking ould be well approximated by a zeromean Gaussian distribution [9℄ or a Tykhonov distribution [10℄. For simpliity,we assume the phase error has the zero mean Gaussian distribution with the69



(a) 16-QAM modulation format (b) QPSK modulation formatFigure 4.2: The e�et of laser phase noise on the ultimate BER performane ofQAM modulation formats in oherent optial ommuniations.variane σ2
φ:

p(φ) =
1

√

2πσ2
φ

e
−

φ

2σ2

φ (4.3)Finally, the lower bound of BER performane due to laser phase noise forQPSK and 16-QAM an be found by evaluating equation 4.2 and ahieving thesame results as reported in [9℄. Figure 4.2 depits these numerial results where
γb is the signal-noise-ratio per bit. The theoretial BER performanes of QAMmodulation formats on additive Gaussian noise hannel (without phase noise)an be easily found in many ommuniations textbooks [11℄. Here we use themas the benhmark of the system for omparison.Aording to the theoretial limits in Fig. 4.2, we an �nd that the require-ment on laser phase noise for oherent optial ommuniations is very stringent,espeially when migrating to higher order QAM modulation formats. For ex-ample, the QPSK modulation format would requires a phase-error variane inorder of 10−2(rad2) to ahieve a reasonable theoretial performane, while the16-QAM modulation format would need muh lower phase-error variane σ2

φ,around 10−3(rad2). The Gaussian phase error mainly de�nes the ultimate BERperformane of the oherent systems. In the next few subsetions, we will inves-tigate how the sophistiated phase noise proesses in SG-DBR lasers would a�etthe BER performane in suh a system.4.1.2 Experiment setup for the 16-QAM oherent systemThe experimental setup is depited in Fig. 4.3a. The transmitter employed twoDFB lasers and one SG-DBR laser with di�erent phase noise harateristis while70



the reeiver loal osillator was a narrow linewidth external avity laser. The 16-QAM driving signal was generated by an arbitrary waveform generator (AWG)whose outputs were followed by a pair of anti-aliased low-pass �lters and ampli�edto drive the I & Q arms of a dual parallel Mah-Zehnder modulator. The four-level driving signals, shown in the upper inset of Fig. 4.3a, were optimized forthe nonlinearity of the eletrial ampli�ers and the I/Q modulator. The variableoptial attenuator (VOA) adjusts the reeived power into the low-noise EDFAthat served as the pre-ampli�er for the reeiver front-end. The EDFA output wasfurther ampli�ed by a seond EDFA, with the optial �lters (2 nm bandwidth)reduing the ASE noise. The seond VOA maintained an input optial power of=14 dBm into the 90o optial hybrid. The lower inset of Fig. 4.3a shows theoptial eye of the 16-QAM signal. The polarization of the reeived optial �eldwas manually adjusted to math with the polarization of the LO optial �eldwhose power was kept at +3 dBm.A pair of balaned photo-detetors deteted the output signals from the op-tial hybrid. An Agilent real-time sope aptured the detetor output signals at40 GSa/s, and they were then fed into a omputer for o�-line DSP proessing, asillustrated in Fig. 4.3b. The digital samples were �rstly normalized by their rmsvalues and the I/Q omponents were balaned. The non-data-aided frequenyorretion removed the frequeny o�set between the lasers [12℄ and a 20-symbolstraining sequene was employed to ahieve symbol synhronization. Many algo-rithms have been developed for arrier phase reovery in digital oherent reeiverinluding the least mean-squared (LMS) algorithm [13℄. In this work, we de-veloped a simple �rst order deision-direted Phase-Loked Loop (DD-PLL) asshown by the blok diagram in Fig. 4.3. The residual arrier phase, φe(n), ofthe nth symbol was estimated by subtrating the phase of the deteted symbol,
φd(n), from the total phase φ(n) determined by removing from the reeived signalthe estimated arrier phase, φacc(n), that has been aumulated from φe(n). Theaumulation oe�ient kp adjusts the onvergene speed of the algorithm. Theperformane of the �rst order DD-PLL was veri�ed against the LMS algorithmand showed a slight improvement; primarily beause the LMS algorithm is sub-jeted to both amplitude and phase orretions. As a result, we employed the�rst order DD-PLL as the referened sheme to evaluate the system performanewith the DFB and SG-DBR lasers. Gray oding was also employed for symbolenoding and deoding.
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(a) Experimental setup

(b) DSP o�ine () First order deision-diretedPhase Lok LoopFigure 4.3: Experiment setup for oherent ommuniation system employing 16-QAM modulation format at 5 Gbaud
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4.1.3 System performane evaluation for 16-QAM modu-lation format4.1.3.1 Phase Noise CharateristisWe �rstly haraterize the phase noise of the lasers using the DSH-PM methodwith a 12 km �ber delay line that has been previously desribed in hapter 3.As shown in Fig. 4.4, the measurement results for the two di�erent DFB lasersdemonstrate the purely random walk in phase, or white FM noise, harateristis[4, 5℄ at 300 kHz and 6 MHz linewidths. The SG-DBR laser operated underdi�erent bias onditions resulted in di�erent phase noise harateristis. Fig.4.4 shows that the SG-DBR laser has a high-frequeny white FM-noise regionabove 200 MHz that orresponds to an intrinsi linewidth of 300 kHz. Below 200MHz, the devie exhibits exess 1/f or �iker FM noise when only the gain setionwas biased, and 1/f 2 or random-walk FM noise when the bias was applied to bothgain and tuning setions. The exess noise inreased the phase-error varianes,as shown in Fig. 4.4b, in omparison with the 300 kHz DFB laser, and betweenthe di�erent bias onditions. The broadening of DSH linewidths of the SG-DBRlaser to 5.5 MHz and 19.5 MHz due to the exess noise an be observed with theE-�eld power spetral densities in Fig. 4.4a . Again, the results demonstrate inpartiular that the SG-DBR laser has 1/f 2 noise that an be attributed to biasingthe passive setions; and therefore would bene�t from the use of low-noise urrentsoures.4.1.3.2 Performane EvaluationThe performane of the 16-QAM oherent system in Fig. 4.3a was evaluated withthe above DFB and SG-DBR lasers in the transmitter. We note for the tunableSG-DBR laser that in order to ahieve operation on a spei� ITU hannel, itis normally neessary to bias all setions (gain and tuning) of the devie. Fig.4.5 displays the BER versus reeived power for the two DFB lasers. The plotsverify that the BER improves slightly with the �rst order DD-PLL, and thesystem performane is limited by the phase noise of the DFB laser. The insetin Fig. 4.5 depits the example symbol onstellation for the 300 kHz DFB laserat =28 dBm reeived power (kp = 0.15 ). The system performane was furtheranalyzed with the time-resolved BER measurements as shown in Fig. 4.6. Thesemeasurements were performed by apturing the output signals from the balanedphoto-detetors in data bloks of 2 µs long for o�ine proessing. The BER foreah of the 2 µs data bloks was then omputed (reeived power at =20 dBm and
kp = 0.2). The time-resolved BER plots for the DFB devies again show that73



(a) PSD of E-�eld

(b) Phase-error variane

() FM noise spetrumFigure 4.4: Phase noise harateristis of DFB lasers and SG-DBR laser
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Figure 4.5: Performane of DFB lasers for 16-QAM system at 5 Gbaudthe laser with a 300 kHz linewidth ould operate onsistently at around 10−3BER (the BER performane limitation is mainly onstrained by the laser phasenoise), whereas the laser with a 6 MHz linewidth should not be used for the 16-QAM transmitter at 5 Gbaud. The time-resolved BER plots in Fig. 4.6 for theSG-DBR laser show intermittent performane degradation when biasing the gainsetion only; and the degradation beame more prevalent when both the gainand tuning setions were biased. The overall omparison of the results in Fig.4.6 would suggest that the performane of the SG-DBR laser an ahieve that ofthe narrow linewidth DFB laser. This is onsistent with the previous observationthat the SG-DBR laser has the intrinsi, white-FM linewidth that is similar to thenarrow linewidth DFB laser at 300 kHz. The intermittent degradation worsenedsubjet to the bias onditions, and is onsistent with the inrease in the phase-error varianes in Fig. 4.4b, and in the low-frequeny FM noises from 1/f to 1/f 2in Fig. 4.4. The time-resolved BER plots also indiate that the SG-DBR laserperformane remains largely bounded between the two DFB lasers, even thoughits DSH linewidth broadening exeeded both and was as muh as 19.5 MHz.Figure 4.7 further illustrates the example time-resolved measurements fromFig. 4.6 at points t = 12µs and 18µs for the SG-DBR laser with only thegain setion biased. Figures (4.7a, 4.7b) and (4.7, 4.7d) display the symbolonstellation and the error vetor magnitude, respetively. In omparison toFigs. 4.7a and 4.7, the noisy onstellation of Fig. 4.7b orresponds to thesudden inrease of the error vetor magnitude in Fig. 4.7d from the loss of arrierphase traking due to the 1/fα noise. The low-frequeny exess FM noise of thesemiondutor laser generally indues a slow �utuation of the instantaneous75



Figure 4.6: Time-resolved BER of 16-QAM system with 2− µs long data bloksarrier frequeny [5℄, and the e�et of this random frequeny drift for the SG-DBR laser an be observed by omparing the symbol onstellations in Figs. 4.7aand 4.7b and note that the entire onstellation has also been slightly rotated.To overome the problems aused by the exess noise in these oherent systems,there are a ouple of solutions: (i) use low noise urrent soures with low-pass�lters to redue the noise from the biasing iruits, and (ii) develop improvedarrier phase reovery algorithms that would ahieve better phase traking underlarge exess phase noise. For example, instead of the �rst-order DD-PLL in thiswork, a seond-order DD-PLL may be employed for traking both the phase andfrequeny drifts, together with more frequent symbol re-timings along the databloks. In the next subsetion, we will investigate the traking performane ofa seond order DD-PLL in overoming the severe impat of the 1/fα noise inSG-DBR lasers.To reap, in this setion, we have examined the performane of an SG-DBRlaser in a oherent optial ommuniation system employing high order modula-tion formats. The performane is signi�antly redued due to exess FM-noise.We on�rmed that while the white FM-noise has been determined to largely de-�ne the overall system performane, the system operation ould potentially beimpaired by exess laser phase noise. The experimental results show the impor-tane of distinguishing di�erent phase noise proesses of laser soures and de-veloping the means to ope with exess noise of SG-DBR lasers in future WDMsystems that employ high order modulation formats.
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(a) at point t = 12 µs (b) at point t = 18 µs

() at point t = 12 µs (d) at point t = 18 µsFigure 4.7: Constellations (a,b) and error vetor magnitudes (,d) at samplepoints from Fig. 4.6 for the SG-DBR laser with only gain setion biased4.1.4 Phase traking with seond order Phase-Loked LoopAs the results in the preeding subsetion demonstrate, while the white-FM noisedetermines the ultimate performane of oherent systems, the exess noise in SG-DBR laser ould signi�antly degrade the system performane for higher orderQAM suh as 16-QAM. The use of SG-DBR lasers in oherent ommuniationssystems would neessitate reeiver Digital Signal Proessing (DSP) to ope withsuh exess laser phase noise. In this subsetion, we investigate a seond orderdeision-direted Phase-Loked Loop sheme that traks the white-FM noise andthe exess noise of a SG-DBR laser. The performane of the proposed trakingsheme will be experimentally examined with 16-QAM at 16 Gbaud and omparedwith the urrent phase traking tehniques.4.1.4.1 Experiment setupThe experiment in this setion had been performed in Center of Optis, Photonisand Lasers, Laval University, Canada. Therefore the experiment setup has somehanges ompared with the experiment in Fig. 4.3. Figure 4.8 shows the ex-perimental setup with the transmitter's SG-DBR laser operating under di�erent77



Figure 4.8: Experimental setup for 16-QAM at 16 Gbaud with SG-DBR laser attransmitterbiasing onditions resulting in di�erent phase noise harateristis. The four-leveldriving signals for the I & Q hannels of the 16-QAM signal were generated byombining the PRBS 27 − 1 and PRBS 29 − 1 bit-streams from the pattern gen-erator. The Q hannel was de-orrelated from the I hannel with a �xed delayline. The variable optial attenuator adjusts the reeived power into the EDFA sothat the OSNR ould be varied at the reeiver front-end. The EDFA output wasfollowed by an optial �lter with a 1 nm bandwidth to redue the ASE noise. Theseond VOA maintained an input optial power of +0 dBm into the Piometrixoherent reeiver that employed a narrow linewidth external avity laser for theloal osillator. The polarization of the reeived optial �eld was manually ad-justed to math with the polarization of the LO optial �eld whose power waskept at +10 dBm. The inset in Fig. 4.8 shows an example of the reeived eye atthe front end of the oherent reeiver at 40 dB OSNR.An Agilent real-time sope aptured the detetor output signals at 80 GSa/s,and they were then fed into a omputer for o�-line DSP proessing. The datablok length was 200K samples and �ve onseutive bloks were aptured and pro-essed whih yields 106 samples for eah BER alulation. Many algorithms havebeen developed for arrier phase reovery in digital oherent reeivers inludingdeision-aided maximum likelihood (DA-ML) phase estimation [14℄, blind phasesearh tehnique (BPS) [15℄, and �rst order deision-direted phase-loked loop78



Figure 4.9: Seond order deision-direted Phase-Loked Loop.[16, 17℄. However, in the partiular ase of a SG-DBR laser having the uniquephase noise harateristis that inlude both white FM noise and very high exessfrequeny noise, there is a need for a traking sheme that an be e�etive againstthese two di�erent types of phase noise, as urrent arrier phase traking shemesannot handle them. In this subsetion, we developed a seond-order DD-PLL[17℄ to address this issue. Figure 4.9 shows the blok diagram of the proposedarrier phase traking sheme parameterized by γ and ρ with the reovered sym-bols deoded into bit streams for BER ounting. The oe�ient ρ ontrols thespeed of onvergene of the �rst loop whih yields output ξ(n) orresponding tothe frequeny �utuation from the laser, while γ will be used to optimize theoverall performane of the seond order PLL. The two feedbak oe�ients werenumerially optimized in o�ine DSP to maximize BER performane.4.1.4.2 Performane evaluationAgain, we operate the SG-DBR laser at two di�erent biasing points: biasingonly the gain setion at IGain = 120mA yields the lowest phase noise at 1548.70nm wavelength, and biasing four setions simultaneously with driving urrents
IFront = 1mA, IGain = 120mA, IBack = 0.72mA and IPhase = 8.7mA yields muhhigher phase noise at an operating wavelength of 1553.66 nm. As disussed inprevious setions, biasing the additional passive setions will signi�antly inreasethe exess 1/fα noise of the monolithi tunable lasers.The SG-DBR laser with the phase noise harateristis determined from theabove biasing points was inorporated into the oherent 16-QAM system oper-79



(a) Biasing gain setion only

(b) Biasing all setions

() Constellation at OSNR = 32dBFigure 4.10: BER versus OSNR for 16-QAM at 16 Gbaud when biasing gainsetion only (a), biasing all setions (b), and example of reovered symbol on-stellation at OSNR = 32dB using seond-order PLL when biasing all setionssimultaneously () 80



ating at 16 Gbaud line rate in Fig. 4.8. We investigated the e�etiveness of theseond-order DD-PLL sheme in traking the exess phase/frequeny noise andalso ompared the performane of the proposed sheme with the �rst-order PLL,DA-ML and BPS phase traking algorithms. Figure 4.10a shows the BER per-formane when biasing the gain setion only whih yields the lowest phase noisefor the SG-DBR laser. The results demonstrate that all of the phase trakingtehniques were e�etive, with the BPS algorithm [15℄, when set at the optimized�lter half-width N = 7 and B = 32 test phase angles, ahieving the best perfor-mane. The DA-ML [14℄ (optimized blok length L = 5), and �rst-order PLL[16℄ (optimized feedbak oe�ient µ = 0.03) show a similar performane withabout 4 dB penalty at 10−3 BER ompared to BPS. The proposed seond-orderPLL with optimized feedbak oe�ients γ = 0.025 and ρ = 0.05 yields the sameperformane as �rst-order PLL and DA-ML in this ase. The error �oors of alltraking shemes were mainly de�ned by the white-FM noise of the SG-DBR laserwhih is muh higher than that of the ECL as the LO [16℄.Figure 4.10b ompares the BER performane of the traking shemes whenall the setions were biased, resulting in the large exess 1/fα noise. The BERplots demonstrate learly the robustness of the seond-order PLL sheme as itontinued to be e�etive in the presene of both white-FM noise and large exessnoise, while the other well-known phase traking shemes failed. We an observefrom Fig. 4.10b that only the proposed sheme was able to reah the FEC levelof 10−3 BER at less than 30 dB OSNR when the oe�ients γ and ρ were kept atprevious values (biasing gain setion only), and an improved BER performanewith smaller penalties an be ahieved when the feedbak oe�ients were re-optimized (to minimize the BER) at OSNR of 26 dB and 28 dB. Fig. 4.10 depitsthe example reovered symbol onstellation at OSNR = 32 dB. Even thoughthe seond-order PLL has about 2 dB in performane penalty when omparingthe results in Fig. 4.10a and Fig. 4.10b, we onlude that only the proposedsheme has the ability to overome the e�et of the ompliated and large exessphase noise that has been observed in oherent systems employing monolithitunable lasers. We also note that as the feedbak oe�ients of the PLL anbe re-adjusted for better performane, in pratie a training sequene ould betransmitted to optimize the feedbak oe�ients of the seond-order PLL at eahoperation ondition.In summary, we have examined the performane of a seond-order DD-PLLphase traking tehnique in a oherent reeiver when a tunable SG-DBR laserwas used for transmission. The proposed sheme demonstrated its robustnessin traking white-FM noise and large exess noise for 16-QAM at 16 Gbaud.81



The experimental results present the ability to employ monolithi tunable lasersfor higher order modulation formats with oherent systems. This is ahieved byexploiting advaned digital signal proessing at the reeiver side to mitigate theneed for omplex devies with low phase noise.4.1.5 E�et on yle slips in QPSK modulation formatEven though QPSK modulation format provides higher tolerane for the exessbit errors aused by the exess frequeny noise of SG-DBR laser [16℄, this lowfrequeny noise will potentially inrease the yle slip probability (CSP) of thephase traking algorithm. The use of SG-DBR lasers in oherent ommunia-tions systems therefore neessitates a detailed investigation of yle slip (CS)enhanement due to this 1/fα noise. In this subsetion, we experimentally evalu-ate the BER and CSP performane of SG-DBR lasers with two widely used phasetraking tehniques employing both feedbak and feed-forward shemes. The ex-periments with 10.7 Gbaud QPSK have been arried out to investigate the e�etsof low frequeny FM-noise in SG-DBR lasers on the CSP. A new phase traking -CS detetion/orretion tehnique is also proposed to redue the omputationalomplexity whih would enable pratial pilot-aided CS detetion/orretion forhigh-speed optial oherent ommuniations.4.1.5.1 Experiment setupEssentially, the experiment set up is similar with the setup in previous setionsexept for some slight hanges desribed here. Figure 4.11 shows the experimen-tal setup with the transmitter's SG-DBR laser operating under di�erent biasingonditions resulting in di�erent phase noise harateristis. A narrow linewidthDFB laser was also employed at the transmitter for omparison. Figure 4.12adepits the FM-noise spetrum of the DFB laser and the SG-DBR laser again atdi�erent operating points whih will be deployed for the system experiments. Thedriving signals for the I & Q hannels of the QPSK signal were generated by thePRBS bit streams from the pattern generator. The Q hannel was de-orrelatedfrom the I hannel with a �xed delay line. The seond EDFA-optial �lter-VOAstage of the pre-ampli�ed reeiver maintained an input optial power of -3 dBminto the oherent reeiver that employed an external avity laser for the loalosillator. The polarization of the reeived optial �eld was manually adjustedto math with the polarization of the LO optial �eld whose power was kept at+10 dBm.A real-time sope aptured the detetor output signals at 50 GSa/s, and82



Figure 4.11: Experimental setup for QPSK at 10.7 Gbaud with SG-DBR laser attransmitterthey were then fed into a omputer for o�-line DSP proessing, as illustrated inFig. 4.12b. The data trunk was 2.5M samples and four onseutive trunks wereaptured and proessed whih yields more than 2×106 symbols for BER and CSPestimation. The digital samples were �rstly normalized by their root-mean-squarevalues and the I/Q omponents were balaned. The reeived signal was then re-timed and re-sampled to the symbol stream for frequeny o�set ompensation. Inthis setion, we investigate the performane of two widely employed arrier phasetraking methods: a feedbak sheme with �rst-order deision-direted PLL asin the previous setion, and a feed-forward sheme with the Viterbi & Viterbialgorithm (V&V) [19, 20, 21℄. That was followed by the CS detetion/orretionas presented in Fig. 4.12b. Di�erential deoding ould be performed at thisstage instead of CS orretion to ompare with the pilot-assisted CS orretionshemes. The reovered symbols were subsequently deoded for BER alulation.4.1.5.2 Cyle slip detetion/orretionThe CS in QPSK modulation format aused by the phase traking algorithmsleads to atastrophi errors due to the ambiguity in the symbol quadrant. Byusing periodial pilot symbols, we an detet the CS event and subsequentlyorret for that error in the estimated phase. The reeived data is proessed inbloks of symbols with 3% pilot symbols. As illustrated in Fig. 4.12b, with the aidof pilot symbols, the symbols blok whih ontained a CS event will be deteted.To further identify the exat position of the symbol where the CS event happenedwithin that blok, we employ one of the two approahes desribed below (notethat either PLL or V&V algorithm an be used as the phase traking tehniqueprior to CS detetion/orretion).In the �rst approah of CS detetion (CS1) adopted from [19℄, we deployadditional bakward phase traking within the blok that ontains the CS, thenthe minimum point of phase di�erene between the forward and bakward phaseestimates will present the position of the CS symbol. This approah poses ahigh omputational requirement due to the additional bakward phase searhing,espeially in the ase of SG-DBR lasers where the very high 1/fα noise would83
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()Figure 4.12: (a) FM-noise spetrum of DFB laser and SGDBR laser at di�erentoperating onditions, (b) DSP-o�ine at reeiver. () Example of experimentalphase estimation using di�erent CS detetion/orretion methods.84



result in inreasing CSP after phase traking. We also propose a seond approahfor CS detetion (CS2) to signi�antly speed up the proessing. In this approahthe arrier phase estimate θe(n) from the phase traking algorithms within theblok will be delayed by τn, and subtrated from the original estimate to �nd theabsolute di�erential phase estimate δθe(n) = |θe(n) − θe(n − τn)|. The positionof the CS symbol will then oinide with the maximum of the absolute di�er-ential phase estimate. By only employing delay and subtrat operations on theestimated phase, this CS2 tehnique signi�antly redues the omputational om-plexity ompared with the CS1 tehnique (by avoiding bakward phase searhing)while ahieving similar performane.An example of phase noise estimation from the experimental results in Fig.4.12 learly illustrates the two CS detetion approahes. In the CS1 method,the forward phase estimate (using PLL in this example) is represented by theblue solid urve. The CS auses the phase estimate to deviate from the atualphase noise (red urve) by −π/2. The minimum di�erene of this forward phaseestimate with the bakward phase estimate (blak urve) presents the position ofthe CS symbol as disussed in [19℄. With the CS2 approah, the green dashedurve depits the absolute di�erential phase estimate. The position of the maxi-mum of this urve orresponds to the position of the CS symbol whih yields thesame result with the CS1 approah. After the CS symbol is identi�ed, the phaseestimate from that position to the end of the symbols blok will be orretedaording to the phase estimate deviation.Figure 4.13a shows the omparison of the di�erent phase noise traking shemesin ombination with di�erent CS detetion approahes, using the experimentalsetup presented in Fig. 4.11. The BER (left axis) and CSP (right axis) at anOSNR = 8dB have been plotted versus the appropriate ontrol parameters ofthe phase traking tehniques suh as onvergene oe�ient - µ of PLL (bottomaxis), or the length of the moving average �lter of V&V algorithm [19, 20, 21℄(top axis). These parameters need to be optimized for di�erent levels of laserphase noise, espeially white-FM noise. In �g. 4.13a, an SG-DBR laser with all 4setions biased was employed at the transmitter. The optimum BER (employingthe appropriate ontrol parameters) of PLL-CS1, PLL-CS2, and V&V-CS2 areshown in blue, brown, and blak olours respetively, and are all similar (about
10−3). While the minimum CSP of V&V-CS2 and PLL-CS1 (or CS2) in purpleand red olours are also similar (2 × 10−6). The results show that, for QPSKwith SG-DBR transmitter, PLL or V&V algorithms in ombination with one ofthe two CS orretion methods would yield similar performane in terms of BERand CSP. 85
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()Figure 4.13: (a) Performane of di�erent phase traking � yle slip orretionshemes versus their ontrol parameters (OSNR = 8dB): BER of V&V�CS2(blak), BER of PLL�CS1 (blue), BER of PLL�CS2 (dash-brown); and CSP ofV&V�CS2 (purple), CSP of PLL�CS1 (exatly oinide with CSP of PLL-CS2,in red olor); (b) BER versus OSNR and () CSP performane of SGDBR in 10.7Gbaud QPSK system. 86



4.1.5.3 Cyle slip probability evaluationTo investigate the CS e�et with a SG-DBR laser, we bias the laser at di�er-ent onditions. The Gain setion urrent was kept onstant at IGain = 100mAthroughout the work. For the operating point A (OP-A, λ = 1559.065nm), weadditionally bias the two tuning setions: IFront = 10mA, IBack = 5mA(IPhase :OFF). We then further inrease the low frequeny noise of the laser within thissupermode by subsequently inreasing the injeted urrent to the phase setionsuh that IPhase = 2mA (operating point B, OP-B, λ = 1558.961nm), and then
IPhase = 4mA (operating point C, OP-C, λ = 1559.174nm). The three operatingpoints demonstrate similar levels of white-FM noise as shown in Fig. 4.12a whilethe 1/fα noise was signi�antly inreased when the total injeted urrent intothe passive setion was inreased as mentioned in previous setions.We then employ the SG-DBR laser and the narrow linewidth DFB laser (λ =

1558.984nm) at the transmitter of the 10.7 Gbaud QPSK system presented inFig. 4.11 to evaluate the BER and CSP performane. The measured performaneversus OSNR of the SG-DBR laser and DFB laser are shown in Fig. 4.13b and4.13. The �gures on�rm the equivalene in performane of PLL-CS1 and V&V-CS2 as disussed above. The BER performane of the SG-DBR laser in Fig.4.13b is slightly degraded when the low frequeny noise is enhaned at operatingpoints OP-B and OP-C. Figure 4.13 learly shows that low frequeny noiseonsiderably inreases the CSP in oherent systems employing SG-DBR lasers(no CS has been found for the DFB laser ase). A penalty of 2 dB OSNR in termof yle slip probability an be observed in Fig. 4.13 between biasing 3 setions(OP-A) and 4 setions (OP-B, OP-C) of the SG-DBR laser. In Fig. 4.13b, wealso turn o� CS orretion, or perform di�erential deoding (PLL-DD) insteadof CS orretion using pilot symbols for omparison. An OSNR penalty of about1 dB, at a BER of 10−4, is inurred due to the nature of error dupliation inthe di�erential deoding sheme [19℄. Also with no CS orretion or di�erentialdeoding, the system ould not operate at this very high level of phase/frequenynoise as illustrated in Fig. 4.13b. The experimental results in Fig. 4.13 showthat the 1/fα noise in monolithi tunable lasers would yield an inrease in CSPof the well-known phase traking algorithms and in turn requires an e�ient CSdetetion/orretion tehnique to ope with this issue.To reap, in this subsetion, we have examined the yle slip e�ets of a SG-DBR laser in a 10.7 Gbaud QPSK transmission system with well-known phasenoise traking algorithms. A new CS detetion/orretion method has also beendeveloped with redued omplexity over onventional tehniques. The additionallow frequeny noise of the tunable laser aused by arrier dynamis in the passive87



setions leads to an inrease in CSP after arrier phase traking. This will inturn require either hardware implementation to redue the low frequeny noiseof the SG-DBR laser, or e�ient DSP at the reeiver to improve the systemperformane.4.2 A novel oherent Self-Heterodyne reeiver basedon phase modulation detetionIn fully oherent optial ommuniations, the state-of-the-art optial oherentreeiver employs a 90o hybrid front end and a loal osillator laser for intradynedemodulation as disussed previously [7, 8℄. The integration of the optial 90ohybrid remains a tehnial hallenge and the laser phase noise requirements onthe LO an be di�ult to ahieve espeially with high line rates. Di�erentialmodulation tehniques suh as DQPSK that employs self-homodyne diret dete-tion using delay line interferometers (DLIs) [22, 23℄ ould potentially redue therequirements on the laser linewidth. However, the DLI approah would requiresigni�antly more omplex hardware implementation to migrate to higher ordermodulation formats suh as di�erential m-PSK and di�erential m-QAM. The au-thors in [24℄ also reported a realization of diret-detetion multilevel transmissionfor 16-QAM inorporating with phase pre-integration and advaned digital signalproessing.In this setion, we propose a novel oherent reeiver sheme based on thephase modulation (PM) detetion method [25℄ that an reover the di�erentialE-�eld from the harmonis of the modulating arrier without a LO. In previoushapter, we employed PM detetion method for haraterizing the laser phasenoise [4℄. Similar approahes to harmoni demodulations have been employed innear-�eld sanning optial mirosopy [26℄ and Fourier-domain optial oherenetomography [27℄, but to our knowledge this is the �rst demonstration in oherentoptial ommuniations. We demonstrate experimentally a self-oherent DQPSKsystem operating at 10 Gb/s by implementing a PM detetion method at the re-eiver. The performane of the proposed tehnique is ompared with other widelyemployed DQPSK reeiver strutures through simulations and experimental re-sults. The proposed reeiver on�guration provides a ost e�etive solution forthe front-end of optial oherent reeivers, and has the potential of migrating tohigher order modulation formats without signi�ant additional omplexity.
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4.2.1 Analytial modelIn the following we develop the analytial model for the proposed reeiver shemein Fig. 4.14a. The E-�eld of the modulated optial output from an IQ modulatoran be expressed in omplex notation (for brevity we have omitted the laser phaseand intensity noises) as
E(t) =

√
Pa(t)ejφ(t)ejω0t (4.4)where ω0 is the angular optial frequeny, P is the optial output power of thelaser, and φ(t) and a(t) respetively are the symbol phase modulation and thenormalized symbol amplitude modulation. a(t) is onstant for PSK modulationformat. The upper arm of the interferometer in Fig. 4.14a has a one-symboldelay and the lower arm is phase modulated by a sine wave. The inident E-�eldfalling on the photo-detetor an be written as

Ei(t) =
1

2

[

E(t− Ts)− E(t)× ej[b sin(ωct+φc)]
] (4.5)where Ts is the symbol duration. The input signal to the phase modulator is

b sin(ωct+φc), where b is the PM index, ωc and φc are the angular frequeny andphase of the modulating arrier, respetively. The output urrent of the photo-detetor with responsivity R is proportional to the intensity of the slowly varyingenvelope of the inident �eld (or the lowpass omponent of the rossing term):
i(t) = R×Ei(t)E

∗
i (t)

=
1

4
×R{a2(t) + a2(t− Ts) (4.6)

−2a(t)a(t− Ts) cos [ω0Ts + φ(t)− φ(t− Ts) + b sin(ωct + φc)]}Ignoring the �rst two terms in equation 4.6 (whih are onstant for PSK andan be aneled using balaned photo-detetors, or a single photo-detetor witha DC-blok) and expanding the third term:
i(t) = −1

2
×RPa(t)a(t− Ts) cos [ω0Ts + φ(t)− φ(t− Ts) + b sin(ωct + φc)]

i(t) = −RP

2
a(t)a(t− Ts)× {cos [ω0Ts + φ(t)− φ(t− Ts)] cos [b sin(ωct + φc)]

− sin [ω0Ts + φ(t)− φ(t− Ts)] sin [b sin(ωct+ φc)]} (4.7)Using the Bessel oe�ient expansions in the same manner with previoussetion, it is lear from equation 4.7 that the I and Q omponents of the omplexdi�erential optial modulation envelope, a(t)a(t− Ts)e
j[φ(t)−φ(t−Ts)], an be foundat the even and odd harmonis of i(t). For bandwidth e�ient demodulation,89



(a) Self-Heterodyne with PM detetion

(b) Self-Homodyne with 90
ohybrid

() DSP for PM detetion tehnique (d) DSP for Self-Homodyne tehniqueFigure 4.14: Experiment setup for proposed di�erential self-oherent systems
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we use spei�ally the baseband and the �rst harmoni for the I&Q omponents.The output urrent of the photo-detetor in term of baseband and �rst harmoniould be expressed:
i(t) =

1

2
RP [−J0(b)I(t) + 2J1(b)Q(t) sin(ωct+ φc)] (4.8)Where I(t) = a(t)a(t− Ts) cos [φ(t)− φ(t− Ts) + ω0Ts] and Q(t) = a(t)a(t−

Ts) sin [φ(t)− φ(t− Ts) + ω0Ts]. Figure 4.14 shows the blok diagram of the o�-line DSP for the aptured photo-detetor urrent. A simple arrier phase reoveryalgorithm for φc was applied prior to demodulation. The least mean-square (LMS)algorithm ompensates for the di�erential drift in the interferometer arms due tothe random �utuation, for example, in temperature. For balaned I/Q outputsthe PM index b is adjusted so that J0(b) = 2J1(b) ≈ 0.81, or b ≈ 0.90, as veri�edon the eletrial spetrum analyzer.4.2.2 Experimental setupFigure 4.14a shows the experimental setup for a bak-to-bak 5 Gbaud DQPSKlink using oherent PM detetion method. The transmitter employed an SG-DBRlaser that has a linewidth of 5 MHz at 1547.6 nm when biasing only the gainsetion at 100 mA. The I & Q arms of a dual parallel Mah-Zehnder modulator(biased lose to the null points) was driven at 5 Gb/s by the omplementaryPRBS outputs of an Anritsu pulsed pattern generator whih were de-orrelatedby 59 bits using an eletrial delay. The reeived power of the DQPSK signal wasmonitored after the �rst variable optial attenuator. The �rst low noise EDFAserved as the pre-ampli�er for the reeiver front-end. The output signal wasfurther ampli�ed by a seond EDFA. Eah EDFA was followed by 2 nm optial�lters to redue the ASE noise, and the seond VOA adjusted the optial powerfalling on the photo-detetor.The one-symbol delay in one arm of the interferometer was set to Ts = 200psat 5 Gbauds. The EOspae phase modulator in the other arm was driven by a5 GHz sinusoidal signal generator. The signal generator output was ampli�ed toprovide su�ient drive (modulation index b) to the phase modulator in order toahieve balaned power at baseband and the �rst harmoni as observed on an RFspetrum analyzer. The light from the delayed and phase modulated arms werereombined via a oupler whose output was deteted by an 11 GHz photo-detetorwith an integrated trans-impedane ampli�er. An Agilent real-time sope ap-tured the output signal at 40 GSamples/s that was then fed into a omputer foro�-line DSP proessing as illustrated in Fig. 4.14. Mathed �ltering was applied91



(a) Constellation of DQPSK at 5 Gbaud (b) Constellation of DQPSK at 5 Gbaud

() Experimental sensitivity (d) Simulated sensitivityFigure 4.15: Simulation and experimental results for proposed Di�erential Self-Coherent sheme with DQPSK at 5 Gbaudto the baseband I-omponent and the demodulated Q-omponent.In order to evaluate the PM detetion tehnique, we also implemented a self-homodyne, optial oherent reeiver [8℄ as shown in Fig. 4.14b. The o�ine DSPfor Self-Homodyne was also shown in Fig. 4.14d. The two arms of the delayinterferometer were now fed into an optial 90o hybrid whose output light wasdeteted by a pair of 43 Gb/s photo-detetors with integrated TIAs. The I andQ output signals from the photo-detetors were also aptured by the Agilentreal-time sope at 40 GSamples/s for post-proessing.4.2.3 Simulation & Experimental resultsThe �rst VOA in the experimental setup adjusted the bak-to-bak optial powerin order to ompare the reeiver sensitivity of the PM detetion method with theself-homodyne optial reeiver. We also performed simulations of both experi-92



mental systems in Fig. 4.14, and of a diret detetion DQPSK reeiver with twoDLIs [22, 23℄, using VPIphotonis software. The results were ompared in termsof the error vetor magnitudes (EVM).Figures 4.15a and 4.15b show the example experimental symbol onstella-tions for DQPSK (5Gbaud) at -30 dBm for the self-heterodyne reeiver with PMdetetion and the self-homodyne reeiver with 90o hybrid, respetively. The ex-perimental results show that the reovered DQPSK symbols have an EVM of 18%with PM detetion and 14.7% with the 90o hybrid. Figure 4.15 ompares thereeiver sensitivity of the two methods. The plots show that PM detetion hasa power penalty that is about 3 dB at 21% EVM in omparison with standardoherent reeiver. The simulation results in Fig. 4.15d are in general agreementwith the experimental results and on�rmed the sensitivity redution betweenPM detetion method and self-homodyne reeivers. This is only a oneptualsimulation with the general models for photo-detetor and ASE noise (or Gaus-sian noise) from EDFAs. The simulation did not use the preise value of theparameters of the omponents using in the experiment, or aount for all typesof noise in the experiments. That leads to the disrepany in the absolute valuesin Fig. 4.15 (experiments) and Fig. 4.15d (simulation).The 3dB penalty of PM detetion method was primarily aused by the addi-tional ASE beat noise from the EDFAs due to heterodyne demodulation. As inFig. 4.16, the aumulated number of noise photons after the EDFAs hain was
m(G − 1)nsp (where nsp is the spontaneous emission fator, m is the number ofEDFAs, and G is the ampli�er gain) whih is muh greater than the number ofphotons from shot-noise (1 photon) [7℄. It is lear that the Carrier-to-Noise Ratio
γs after EDFAs hain was largely de�ned based on ASE noise ( the shot-noise-limit is negligible in suh a system [7℄)

γs =
GNs

m(G− 1)nsp

≈ Ns

mnsp

(4.9)Where Ns is the number of photons per symbol. For self-homodyne, thebandwidth of the reeived signal was equal to the Baudrate (5GHz) while thebandwidth for Self-Heterodyne with PM detetion was twie (10GHz if we usedbaseband and �rst harmoni for I&Q) as in Fig. 4.17. Consequently, the in-bandASE noise of self-heterodyne with PM detetion was double the in-band ASEnoise of self-homodyne. That leads to the 3dB penalty in Reeiver Sensitivity ofSelf-Heterodyne with PM detetion omparing with Self-homodyne method.Although there is a 3dB penalty assoiated with heterodyne demodulation un-der ASE-limited ondition, the oherent PM detetion reeiver o�ers not only the93



Figure 4.16: Illustration of aumulated ASE in EDFAs hain

(a) PM Detetion method (b) Self-Homodyne methodFigure 4.17: Examples of Power Spetral Density of reeived E-�eldpotential for a low-ost integrated solution but an also signi�antly simplify thefront end of optial oherent reeivers. Moreover, this reeiver on�guration ouldbe feasibly migrated towards higher order modulation formats suh as di�eren-tial m-PSK and di�erential m-QAM without additional hardware implementationrequirements.The PM detetion sheme an be employed in a new oherent reeiver asillustrated by the blok diagram in Fig. 4.18. The phase-modulated optial loalosillator is ombined with the reeived optial �eld via the 3 dB oupler. TheI and Q omponents are reovered from the balaned detetor output at base-band and demodulated at the arrier frequeny, respetively, through mathed�lters. This on�guration provides a trade-o� between homodyne detetion thatuses a 90o hybrid and two balaned detetors, and heterodyne detetion thatuses a 3 dB oupler and one balaned detetor plus I/Q demodulations at theintermediate frequeny [28℄. The PM detetion reeiver thus o�ers the potentialfor an integrated solution [29℄ to homodyne detetion and for simplifying thefront-end of oherent optial reeivers.
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Figure 4.18: The proposed on�guration for PM detetion oherent reeiver4.3 A novel Baudrate-Pilot-Aided Quadrature Am-plitude Modulation transmission shemePilot-aided transmission has been shown to be an e�ient method to solve laserphase noise issues [30, 31℄. In ontrast with the fully optial oherent reeiveron�guration, a diret detetion reeiver o�ers simpler hardware implementationand only requires a single photo-diode (PD) integrated with a trans-impedaneampli�er . However the onventional diret detetion system an only supportamplitude modulation formats as it is unable to fully reover the omplex optial�eld. In this setion, we propose a novel pilot-aided transmission sheme withdiret detetion. With the aid of a pilot-tone added before transmitting data overthe optial �ber hannel, the sheme is able to anel the laser phase noise andreover data enoded on the omplex optial �eld (both phase and amplitude),while taking advantage of the simple diret detetion reeiver. We set the pilottone frequeny at the baudrate and used mathed �ltering to reover the high-order QAM symbols in the presene of very high levels of laser phase noise.Through analytial model and experimental results, we demonstrate a pilot-aidedtransmission system that employs di�erent types of lasers, inluding the SG-DBRlaser, and diret detetion for 16-QAM at 2.5 Gbaud. We will �rstly review thetheoretial basis and numerial simulation for the proposed baudrate-pilot-aidedtransmission sheme. The experimental results will then validate the proposedtransmission sheme.4.3.1 Basi oneptThe basi onept of Baudrate-Pilot-Aided QAM transmission involves transmit-ting a pilot tone that is oherent with the optial arrier in order to provide aphase referene at the reeiver. Figure 4.19 illustrates the oneptual spetralrepresentation of the proposed transmission sheme. An optial pilot tone thathas idential phase properties with the optial arrier will be added to the QAMmodulated data before transmission as in Fig. 4.19a. The generation of the pilot95



(a) Spetrum of transmitted signal (b) Spetrum of reeived signal.Figure 4.19: Basi onept of Baudrate-Pilot-Aided transmission sheme.tone an be performed: (i) digitally by a high speed DAC, (ii) optially by meansof optial omb generation, (iii) eletrially by an osillator or extrated fromsystem lok of the transmitter.At the reeiver, diret detetion of the optially oherent data signal and pilottone would then anel the phase/frequeny noise of the transmitter laser. Theanalytial model whih will be presented latter explains this interesting hara-teristis of the proposed sheme. Figure 4.19b depits the oneptual spetrumof the reeived signal after a square law detetor - the photodiode. The desireddata will be �sitting� on the pilot tone due to the mixing term between the pilotand the data on the optial arrier. Intuitively, the pilot tone should be plaedfar enough from the optial arrier with a �guard band� so that this ross termwill not interfere with the base band omponent shown in Fig. 4.19b. This ap-proah will ost some unused optial bandwidth for the guard band. For spetrale�ieny, we propose that the pilot tone frequeny is set to oinide with thebaudrate, thus eliminating the guard band by plaing the tone at the edge ofthe main lobe of the symbol spetrum. In this ase, the optial spetrum ofthe desired data will signi�antly overlap the baseband spetral omponent as inFig. 4.19b. However, these two terms are orthogonal beause the pilot frequenyis ommensurate with the system baudrate. Consequently, the transmitted dataan be reovered by means of mathed �lters. The analytial model in this setionwill explain this onept in more detail.4.3.1.1 Analytial modelThe omplex baseband signal with pilot tone an be modeled as (for brevity, we�rstly ignore additive Gaussian noise) 96



s(t) = A(t)ej[φ(t)+θ(t)] + Cej[ωpt+θ(t)] (4.10)where A(t) and φ(t) are the symbol amplitude and phase, C and ωp(t) arethe amplitude and frequeny of the pilot tone. The optially oherent symboland pilot are subjeted to the same laser phase noise θ(t) of the optial arrier.The square-law output signal from the photodiode is given by (assume a detetorresponsivity of 1 A/W):
rpd(t) = s(t)s∗(t) = [A2(t) + C2] + CA(t)ej[ωpt−φ(t)] + CA(t)ej[−ωpt+φ(t)] (4.11)Equation 4.11 learly shows the phase noise anellation after detetion thanksto the presene of the pilot tone. The omplex QAM symbol, A(t)eφ(t), an bedemodulated by mixing the diret-deteted signal rpd(t) with the omplex pilottone ejωp(t) to yield:
rb(t) = rpd(t)e

jωpt = CA(t)ejφ(t) + [A2(t) + C2]ejωpt + CA(t)ej[2ωpt−φ(t)] (4.12)The base-band QAM symbol ould then be reovered from rb(t) by means ofmathed �ltering with the pilot tone frequeny hosen to be ommensurate withthe baudrate, i.e., fp = 1/T , where T is the symbol duration:
rm(mT ) =

1

T

ˆ mT

(m−1)T

rb(t)dt =
1

T

ˆ mT

(m−1)T

CA(t)e−jφ(t)dt

+
1

T

ˆ mT

(m−1)T

[A2(t) + C2]ej
2πt
T dt (4.13)

+
1

T

ˆ mT

(m−1)T

CA(t)e−jφ(t)ej
4πt
T dtThe seond and third terms in the above expression integrate to zero sinethe period of the pilot tone and the symbol duration are ommensurate. Themathed �lter thus reovers the omplex QAM symbols at the output samples:

rm(m) = CA(m)e−jφ(m), (m− 1)T < t < mT .4.3.1.2 Additive Gaussian noise analysisIn the following, the e�et of noise is inorporated into the baseband signal modelin equation 4.10 as s(t)+n(t), where n(t) is the omplex additive white Gaussian97



noise (AWGN). Assuming the laser phase noise θ(t) is onstant over the symbolduration T, the noise ontribution after mathed �ltering is given by:
npd(t) =

[

A(t)ej(φ(t)+θ(t)) + Cej[ωpt+θ(t)]
]

× n∗(t)

+
[

A(t)e−j(φ(t)+θ(t)) + Ce−j[ωpt+θ(t)]
]

× n(t) + n(t)× n∗(t) (4.14)
nb(t) = npd(t)e

jωp(t) = Cn(t)e−jθ(t) +

+
[

n2(t) + 2A(t)Re{n∗(t)ej[φ(t)+θ(t)]}
]

ejωpt (4.15)
+Cn∗(t)ejθ(t)ej2ωp(t)and:

nm(mT ) =
1

T

ˆ mT

(m−1)T

nb(t)dt =
1

T

ˆ mT

(m−1)T

[n0(t) + n1(t) + n2(t)]dt (4.16)The expressions for npd(t), nb(t) and nm(mT ) orrespond to the noise om-ponents of the photo-detetor output, the demodulated signal, and the mathed�lter signal, respetively. nm(mT ) onsists of the noise terms at baseband n0(t),�rst harmoni n1(t) and seond harmoni n2(t). The amplitudes of the transmit-ted symbols and the pilot both ontribute to a slight enhanement of the noiselevel at the reeiver. In pratie semiondutor lasers have relative intensity noise(RIN) as well that also a�ets the noise terms in equation 4.16.4.3.1.3 SimulationBaseband simulation has been arried out to validate the theoretial analysis andto verify the immunity of the proposed sheme to the laser phase noise. Thesimulated laser phase noise inludes white-FM noise, relaxation osillation andexess 1/fα noise [18℄. We deploy a 16-QAM system at 2.5 Gbaud with a 2.5 GHzpilot tone. The simulations also aounted for the nonlinearity of the optial IQmodulator. Figure 4.20a depits the simulated FM-noise spetrum with a white-FM noise level of S0 = 1.6 MHz (the �at portion in the FM-noise spetrum)orresponding to an intrinsi linewidth of 5 MHz, a relaxation osillation at 8GHz and a high level of exess noise below 100 MHz. The reeived symbolonstellations with and without the laser phase noise in Figs. 4.20b and 4.20,respetively, are idential, demonstrating that the sheme is immune to the laserphase noise. The outer symbols show the e�ets of amplitude enhanement to98



(a)

(b) ()Figure 4.20: (a) FM-noise spetrum of simulated laser phase noise; reeived sym-bol onstellations (b) without and () with laser phase noise.AWGN as expeted from equation 4.16.The pilot-to-signal power ratio (PSR) is an important fator that would ef-fetively a�et the system performane [30℄. In the simulation, we evaluate theimpat of the PSR and determine its optimum value for the experiments later.Figure 4.21 illustrates the e�et of PSR on the BER as well as the reeived SNR.The optimum range for PSR varies from -2 dB to 4 dB for BER < 10−4 and lessthan 1 dB of SNR degradation.4.3.2 Experiment SetupWe now evaluate the performane of the high order QAM baudrate-pilot-aidedsystems when employing di�erent type of lasers at the transmitter. Figure 4.22ashows the experimental setup for a bak-to-bak pilot-aided system. In the statisenario, the transmitter employed an external avity laser, a distributed feedbaklaser or an SG-DBR laser to evaluate the immunity of the proposed sheme to99



Figure 4.21: The impat of pilot-to-signal power ratio for 16-QAM at 2.5 Gbaud(solid urve: BER performane, dash urve: SNR ).di�erent phase noise harateristis. The 2.5 Gbaud quadrature symbols with aomplex sinusoidal pilot tone at 2.5 GHz were generated in Matlab at 4 samplesper symbol as illustrated in Fig. 4.23a and loaded onto an arbitrary waveformgenerator operating at 10 Gsamples/s. The AWG outputs were ampli�ed to drivethe IQ modulator that was biased lose to the null points. The driving signalswere arefully optimized to ope with the nonlinearity of the eletrial ampli�ersand the optial modulator. The optial output power from the modulator wasadjusted by the �rst variable optial attenuator for the reeiver input power. Thereeiver onsisted of two EDFA's and two optial bandpass �lters (OBPF) havingGaussian pro�les, with a seond VOA maintaining an input optial power at 2dBm into a 10 GHz photo-detetor that has an integrated TIA. Figure 4.23bshows the optial spetrum of the transmitted signal. The harmonis of the pilottone are largely due to the nonlinearity of the modulator.A real-time sope aptured the output signal of the photo-detetor at a sam-pling rate of 25 Gsamples/s. The sampled signals were then fed into a omputerfor o�-line digital signal proessing as illustrated in Fig. 4.23b. The lok reoverywas �rstly performed with the aid of training symbols. The aptured signal wasthen demodulated by multiplying with a omplex sinusoid at 2.5 GHz, followedby mathed �ltering for symbol reovery. The reovered symbols were normalizedand ompensated for a onstant phase o�set prior to data demodulation. TheBER ounting was then arried out on the demodulated bit streams, with 105bits ounted for eah BER value.In ontrast to the reeiver simpliity in Fig. 4.23b, a fully oherent optialreeiver would require a front-end of a 90-degree hybrid with a laser LO and bal-aned photo-detetors. The bak-end DSP must perform omplex algorithms for100



arrier frequeny and phase reovery in addition to yle slips orretion that de-pend on the QAM modulation formats and the laser phase noise harateristis.Moreover, the reeiver struture in Fig. 4.23b opens the possibility of upgrad-ing widely deployed diret detetion systems with the proposed low omplexitysheme that enables the use of advaned modulation format transmission.4.3.3 System performane evaluationAs mentioned above, we evaluate the sheme with lasers having di�erent phasenoise harateristis: (1) a 50 KHz linewidth ECL at 1547 nm, (2) a 10 MHzlinewidth DFB laser at 1540 nm, and (3) an SG-DBR tunable laser with a whiteFM noise level orresponding to a 300 KHz linewidth. Again, biasing the passivetuning setions of the SG-DBR laser resulted in large exess 1/fα noise thathas been shown to signi�antly degrade the performane of oherent systems,spei�ally at low baud rates as in previous setions. Figure 4.24 shows theexample reovered symbol onstellations that di�er only slightly for the threedi�erent lasers with the baudrate-pilot-aided sheme. The symbols are slightlyelliptial due to nonlinearity from the eletrial driving ampli�ers and the IQoptial modulator whih also exhibits non-perfet orthogonality that ould notbe ompletely ompensated by the reeiver DSP. The BER at -20 dBm sensitivityis well below the FEC limit of 3.8 × 10−3 and is within a fator of two for allthree lasers. In ontrast, a oherent system employing 16-QAM would requirevery narrow linewidth lasers suh as the ECL for 2.5 Gbaud.Figure 4.25 ompares the bak-to-bak BER performane of the pilot-aidedsheme for the three di�erent lasers. The plots show similar performane forall three lasers despite their di�erent phase noise harateristis. The operatingwavelength of the tunable SG-DBR laser varied from λ = 1547.9nm when thegain setion was biased at IGain = 120mA, to λ = 1541.8nm when both gainand bak setions were biased, and λ = 1551.5nm when biasing all four setions,yielding inreasing levels of exess FM noise. The performane di�erene betweenthe lasers is attributed to the disparity in the demodulated noise enhanementthat depends on the output power of the lasers, their RIN noise, and reeivernoise as disussed previously. The experimental results on�rm that the proposedbaudrate-pilot-aided sheme is highly immune to the laser phase noise.To reap, a baudrate-pilot-aided transmission with diret detetion shemefor high-order QAM formats has been proposed and demonstrated through ana-lytial modelling and experimental results. The low omplexity reeiver is highlyimmune to the laser phase noise. The proposed sheme was demonstrated for a16-QAM system operating at 2.5 Gbaud and employing an SG-DBR laser with101



(a)

(b)Figure 4.22: (a) Experiment setup for baudrate-piloted-aided sheme for 16-QAMat 2.5 Gbaud; (b) Optial spetrum of transmitted signal (optial resolution band-width: 0.16pm).
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(a)
(b)Figure 4.23: Transeiver struture of baudrate-pilot-aided sheme for QAM: (a)Transmitter struture; (b) Reeiver struture inluding signal proessing (in dashline), PD: photodiode, TIA: trans-impedane ampli�er, LO: loal osillator.

(a)

(b) ()Figure 4.24: Reeived onstellations of pilot-aided 16-QAM at 2.5 Gbaud in statisenario with three di�erent lasers: (a) ECL (∆ν = 50KHz), (b) DFB laser(∆ν = 10MHz), () SG-DBR laser biasing 4 setions.103



Figure 4.25: BER of 16-QAM baudrate-pilot-aided systems at 2.5 Gbaud utilizingthe three di�erent types of lasers.large exess phase noise.4.4 SummaryIn this hapter, we have extensively examined the signi�ant impats of the om-pliated phase noise proesses of the SG-DBR lasers in a oherent optial om-muniation system employing high order modulation formats. We on�rmed thatwhile the white FM-noise has been determined to largely de�ne the lower boundof BER performane, the system operation ould potentially be impaired by theexess laser phase noise. We have then examined the robustness of a seond-order DD-PLL phase traking tehnique in a oherent system employing 16-QAMmodulation format at 16 Gbaud to overome this issue. The experimental resultspresent the ability to employ monolithi tunable lasers for high order QAM mod-ulation formats with oherent systems. The yle slip e�ets of a SG-DBR laserin a 10.7 Gbaud QPSK transmission system with well-known phase noise trakingalgorithms is also investigated. A new CS detetion/orretion method has thenbeen developed to solve this problem.Subsequently, we proposed and demonstrated a oherent self-heterodyne re-eiver based on PM detetion for DQPSK modulation to e�etively overome thephase noise issue of the SG-DBR lasers. The new oherent PM detetion reeivernot only o�ers the potential for a low-ost integrated solution but an also sig-ni�antly simplify the front end of optial oherent reeivers with the feasibilityof migrating toward higher order modulation formats. A baudrate-pilot-aidedtransmission with diret detetion sheme for high-order QAM formats has also104



been proposed. The low omplexity reeiver is highly immune to the laser phasenoise. The proposed sheme was demonstrated for a 16-QAM system operatingat 2.5 Gbaud and employing an SG-DBR laser transmitter. Besides the aboveadvantages, the baudrate-pilot-aided transmission sheme has its own drawbaks.These inlude wasting additional optial power in the pilot tone and having higherrequirement on the SNR of the reeived signal. These disadvantages would alsoneed to be taken into aount when designing a ommuniations link with theproposed method.As the optial ommuniations networks moving towards advaned modula-tion formats and fast re-on�gurable networks, the next hapter will be dediatedto investigating the use of the SG-DBR lasers in a fast-swithing optial paketnetwork employing the above advaned modulation formats. The performanedegradation of suh a system during and after a wavelength-swithing event of aSG-DBR laser transmitter will be intensively investigated.
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Chapter 5Optial Paket Swithing withAdvaned Modulation FormatsAs disussed in the previous hapters, to address the apaity runh in optialnetworks, spetrally e�ient transmission shemes employing high order quadra-ture amplitude modulation formats with oherent detetion are being extensivelyexplored as the potential andidates for next generation optial networks [1℄. Inaddition, rapid reon�guration of the optial network with optial paket/burstswithing tehnology allows the ampli�ation bandwidth of the �ber to be usedmore e�iently [2, 3, 4℄. Combining oherent transmission tehniques with opti-al paket/burst swithing tehnology an enable optial networks that are highlye�ient both temporally and spetrally. Optial paket swithing that employsfully oherent detetion for PM-QPSK [2℄, self-homodyne detetion for DQPSK[3, 4℄, 16-QAM polarization multiplexed pilot with self-homodyne oherent de-tetion [5℄, or 16-QAM Baudrate-Pilot-Aided transmission sheme with diretdetetion [6℄ have been reently reported.As disussed in hapter 1, one of the potential optial networks on�gurationemploying optial paket/burst swithing with advaned modulation formats isas follows: At the optial transportation layer, we make use of fast-tunable op-tial transeivers in the optial nodes. These tunable transeivers an swith toor selet an available wavelength on the ITU-grid that is used to transmit orreeive the data optial pakets. Obviously, the key omponent in fast-tuningtranseivers will be the fast-wavelength-swithing tunable lasers, and the SG-DBR laser is a potential hoie as disussed previously. However the onsider-able phase/frequeny noise in SG-DBR lasers would �utuate even more during awavelength swithing transient in this highly dynami network senario, espeiallyfor short optial pakets. In this hapter, we will investigate the performane ofthe system emulating the optial paket swithing senario utilizing advaned109



modulation formats. We will �rstly examine suh a system with DQPSK modu-lation format at 10.7 Gbaud in setion 5.1. In setion 5.2, we then move to optialpaket swithing systems employing higher order QAM modulation format withthe proposed Baudrate-Pilot-Aided transmission sheme in the previous hapter.The last setion, setion 5.3 will onlude the hapter.5.1 Optial paket swithing with Self-HomodyneDQPSKWavelength swithing times of less than 5ns have been demonstrated using theSG-DBR laser [7℄ making it suitable for optial paket swithing, however itssigni�ant phase noise level may redue its suitability if phase-shift-keying basedadvaned optial modulation formats are employed in the optial paket swithednetwork. Even though the DQPSK modulation format with diret detetion has ahigh tolerane to laser phase noise, this transmission sheme still su�ers from thehigh level of phase/frequeny instability during the wavelength swithing eventof the SG-DBR laser. In this setion, through detailed experimental studies,this performane degradation during the transient state of the emulated optialpakets is investigated.5.1.1 Experiment setup for time resolved BER measure-mentThe experiment setup to investigate the performane of DQPSK transmissionsystem during transient and steady states of a wavelength swithing event isillustrated in Fig. 5.1. We demonstrate a 10.7 Gbaud DQPSK transmissionsystem employing an SG-DBR transmitter. The SG-DBR laser was a simplebutter�y pakaged devie without a wavelength loker, miro-ontroller or otheriruitry, thus giving a realisti aount of the devie apabilities. The bak mirrorurrent was biased to operate with single mode stati operation at wavelengths1553.54 nm or 1547.3nm respetively. An IQ modulator (biased lose to the nullpoints) was driven by the omplementary PRBS outputs of a 10.7Gb/s PulsePattern Generator (PPG) de-orrelated by 12 bits using an eletrial delay. The Iand Q eletrial driving signals were lowpass �ltered and ampli�ed before enteringthe IQ modulator. The modulated optial output is then passing through a two-stage optial pre-ampli�ed reeiver as in Fig. 5.1. A 10.7Gb/s one-bit-delayinterferometer was implemented at the reeiver side to di�erentially demodulatethe in-phase or quadrature data independently.110



Figure 5.1: Experiment setup for time resolved BER measurementTo emulate an optial paket swithing senario, instead of a onstant biasurrent to the Bak setion of the SG-DBR laser as in the stati senario, a squarewave of 10MHz was used to drive the bak setion of the SG-DBR laser to swithbetween the two wavelengths (orresponding to 50ns data pakets). The desiredoptial hannel (wavelength) is seleted by means of the narrow band optial�lter at the front-end of the reeiver as in Fig. 5.1. We then measured the timeresolved BER during this proess. To do so, the Error Detetor (ED) was gatedwith 5ns pulses that ould be varied in position with respet to the paket. Thepulse generator and the osillosope were both triggered by the swithing signal.The measurement results for both stati and dynami swithing senarios arepresented in the next subsetion.5.1.2 Measurement resultsFirstly, for the stati senario, the BER was measured separately for the I and Qomponents of the reeived signal at eah wavelength (1553.54nm and 1547.3nm)as shown in Fig. 5.2a. Reeiver sensitivities of between -29dBm and -30dBm ata BER of 10−9 were observed for I and Q on eah hannel. As illustrated by theresults, we have the system operating well with stable performane in a statisenario. We then swith the operating wavelength of the SG-DBR laser betweenthe two hannels as desribed in the previous subsetion. Figure 5.2b depits theaverage optial spetrum observed from an optial spetrum analyzer (OSA) forthe two optial hannels when applying wavelength swithing.For the dynami swithing senario, the time resolved BER performane dur-ing the swithing event are shown in Fig. 5.2. It an be seen that the timerequired to swith from 1547.3 nm to 1553.54 nm and obtain error free transmis-111



(a) Reeiver sensitivity in Stati senario (b) Swithing wavelengths

() Swithing senario (d) Measured data paketsFigure 5.2: Time-resolved BER in swithing event of SG-DBR

Figure 5.3: The measured instantaneous frequeny (blue solid line) on top ofthe amplitude of the optial pakets (dash gray line) for the swithing event ofSG-DBR laser 112



sion at this wavelength was approximately 12 ns while it takes approximately 24ns to swith bak to 1547.3nm. The upper �gure in Fig. 5.2d shows the exampleosillosope traes of the measured data pakets while the lower �gure representsthe error free transmission windows for the two optial hannels.Even though the SG-DBR lasers take about 5ns to swith from one wavelengthto the other wavelength, it would take longer time for the frequeny/phase of theoptial output to settle down. The performane degradation during the transientstage an be attributed to the phase/frequeny instability during the swithingevent. We then performed the phase/frequeny instability measurement for wave-length swithing events of the SG-DBR laser using the Self-Homodyne methodwith oherent reeiver to larify the above results. Similarly, the Bak setion wasused to swith the wavelength as in the system experiments but at lower swithingfrequeny, 1 MHz, for longer observation time. The instantaneous frequeny wasthen alulated from the aptured E-�eld. Figure 5.3 shows the instantaneousfrequeny (superimposed on aptured data in gray dash line) during a wavelengthswithing event. The result shows that it would take less than 25 ns for the in-stantaneous frequeny from the tunable laser to be within 500MHz of its targetfrequeny, orresponding to the time for the DQPSK system obtain error freetransmission after the wavelength swith as in the system experimental results.5.2 Optial paket swithing with Baudrate-Pilot-Aided modulation shemeAs demonstrated in hapter 4, the Baudrate-Pilot-Aided transmission shemewith diret detetion has the advantage of immunity to laser phase/frequenynoise. Obviously, this transmission sheme is highly suitable for optial paketswithing networks where the phase/frequeny of the optial arrier in eah paket�utuates strongly. Speially when the optial pakets beome shorter (for higherthroughput of the entire network), the optial arrier might not be able to settledown su�iently quikly to permit advaned modulation format transmission inthe paket. In this setion, we will investigate the system performane of theemulated optial pakets in a swithing network utilizing 16-QAM Baudrate-Pilot-Aided transmission at 2.5 Gbaud.5.2.1 Experiment setupThe experiment setup is shown in Fig. 5.4 and is similar to the setup for Baudrate-Pilot-Aided transmission in the preeding hapter exept some hanges for the113



Figure 5.4: Experimental setup for baudrate-piloted-aided sheme for 16-QAMat 2.5 Gbaud for optial wavelength swithing senarios.optial paket swithing senario. We investigate the performane of the proposedsheme in a dynami senario orresponding to a wavelength swithing event ofthe SG-DBR laser. The optial paket swithing was emulated by driving thebak setion of the SG-DBR devie with a 1 MHz lok signal that has the highand low voltage levels adjusted for wavelength swithing between λ = 1547.9nmand λ = 1541.8nm. The gain setion bias was kept at 120 mA throughout theexperiment. The �rst optial bandpass �lter was used to selet the requiredhannel. No power penalty was observed when the bandwidth of the optialband pass �lter varied from 1 nm to 0.4 nm (as would be employed in a 100GHz ITU-grid system). Figure 5.5 shows the example reeived optial pakets atthe photo-detetor output over a 12µs time interval. A trigger signal from theAWG to the real-time sope, as shown in Fig. 5.4, supports lok reovery forthe seleted paket.
5.2.2 Measurement resultsAt 2.5 Gbaud with 16-QAM modulation format, the dynami BER was foundto reah stable performane after a transient period of 4.8 ns, or 12 symbols,following a wavelength swithing event. Figures 5.6a and 5.6b display the sym-bol onstellations of the reovered optial pakets in Fig. 5.5 with and withoutthe 12 transient symbols, respetively, immediately after the laser has swithedwavelength.The aggregated BER ounting was arried out over 12 optial pakets, eahexluding the 12 transient symbols following the wavelength swithing event.114



Figure 5.5: Emulated optial pakets for optial paket swithing senario withSG-DBR lasers

(a) (b)Figure 5.6: Emulated optial paket swithing with SG-DBR lasers: (a) Reeivedonstellation with transient symbols (in red olor), (b) Reeived onstellationwithout transient symbols.
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Figure 5.7: Aggregated BER vs. OSNR of optial pakets seleted less than 5 nsafter swithing event.Figure 5.7 shows the aggregated BER versus OSNR for the wavelength swith-ing pakets that ompares very well to the stati BER. The results demonstratethat with the proposed pilot-aided sheme, the dynami performane reahes thestable ondition without any degradation within 12 symbols of a swithing event.This is in spite of the inevitable laser frequeny transients that have been foundto degrade the performane of DQPSK in wavelength swithing appliations [4℄.We note that oherent detetion an support optial paket or burst swithingwith about an 8 dB improvement in reeiver sensitivity. However, the reeiveromplexity would be higher and the duration of a swithing transient would lastmuh longer than 12 symbols, with the DSP taking a few hundred symbols toahieve the steady state performane [8℄. This would greatly redue the networkthroughput as the time required after a laser swithing event for suessful datatransmission ould be as high as hundreds of nano-seonds. Furthermore, oher-ent detetion of high-order modulation formats is signi�antly a�eted by laserphase noise and requires very narrow linewidth laser for both transmitter andreeiver LO lasers as disussed in the previous hapter.To reap, the baudrate-pilot-aided transmission with diret detetion shemefor 16-QAM modulation formats has shown that the low omplexity reeiver ishighly immune to the laser phase noise and well suited for fast optial paketswithing. The proposed sheme was demonstrated for a 16-QAM system op-erating at 2.5 Gbaud and employing an SG-DBR laser with large exess phase116



noise. The system reahed the steady state operation in less than 5 ns followinga swithing event. Compared with an optial paket (burst) oherent reeiver,the proposed sheme with its spetrally e�ient pilot tone employs low omplex-ity reeiver and DSP implementation, and has the ability to migrate to highermodulation formats and baud rates.5.3 SummaryIn this hapter, we have examined the performane of the emulated optial paketswithing senario using the SG-DBR laser as a fast-wavelength-swithing devie.These systems employed advaned modulation formats whih o�er high spetrale�ieny to inrease the total throughput of the entire optial network. Theperformane degradation during the transient stage of the wavelength swithingevents, orresponding to the beginning of the optial data paket, has been ob-served and investigated. The instability of laser emission frequeny along theoptial data paket results in performane degradation of the system employingDQPSK modulation format.To overome the above issue, we then proposed and investigated the perfor-mane of the Baudrate-Pilot-Aided high order QAM transmission sheme withdiret detetion for optial paket swithing networks. The proposed shemesigni�antly improves the system performane during the transient stage of thewavelength swithing event, whih satis�es the need to migrate to higher ordermodulation formats suh as 16-QAM or 64-QAM. Experimental results in thishapter with 16-QAM at 2.5 Gbaud have on�rmed this proposed solution.
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Chapter 6Conlusions and Future DiretionsThe state-of-the-art optial transportation networks are moving to provide betterommuniations servies with higher total apaity and lower lateny in the en-tire network. Advaned modulation formats aompanied by highly agile optialnetworks would enable the ability to ope with the above targets for a future om-muniations network infrastruture. The aim of this thesis is to address some ofthe important hallenges that need to be takled for the implementation of bothadvaned optial modulation formats and fast re-on�gurable optial networksin the near future. In this hapter, we will summarize the ahievements of theresearh presented in this thesis and also disuss future researh diretions.6.1 ConlusionThrough hapters 1-5 in this thesis, we have extensively investigated the applia-tion of spetrally e�ient optial modulation formats in future fast re-on�gurableoptial networks. Firstly, we reviewed the urrent state of the art of optial trans-portation networks. The fundamental limit of the optial networks with the reentresearh and development trends have been revised. We then propose that onee�etive way to further inrease the total throughput of the entire optial trans-portation network is to ombine the advaned optial modulation formats withoptial paket/burst swithing networks. The key omponent in suh a system isthe fast-wavelength-swithing monolithi tunable laser, partiularly the Sampled-Grating Distributed Bragg Re�etor laser. However as demonstrated previously,SG-DBR lasers experiene sophistiated phase noise properties that would signif-iantly impat their performane within systems whih use advaned modulationformats. I then proposed and experimentally demonstrated a few approahes tooverome these issues. Finally, the appliation of the SG-DBR lasers in optialpaket swithing networks employing advaned modulation formats have been ex-119



amined. The key �ndings resulting from this researh are summarized as follows.6.1.1 Devie perspetiveThe SG-DBR laser devie exhibits ompliated phase noise harateristis. Firstly,we reviewed the fundamentals of phase noise in semiondutor lasers and thendeveloped the theory for the multi-setion monolithi tunable lasers. The theo-retial phase/frequeny noise of the SG-DBR laser onsists of: (1) the Shawlow-Townes-Henry phase noise (quantum noise followed a random-walk proess inphase, also all white FM-noise) with relaxation osillation above 5GHz; (2) the�ltered FM-noise from the dynamis of the arriers in passive setions (tuningsetions); and espeially the low frequeny noise inluding the �iker 1/f noiseand the frequeny random-walk 1/f 2 noise. Aurate phase noise measurementmethods have been demonstrated and on�rmed the phase noise proesses inSG-DBR lasers. By looking at the detailed phase noise measurement results, wewere able to resolve the ontributions of the individual phase proesses whih willbe useful for understanding their origin, and proposing tehniques to redue thephase noise in SG-DBR lasers.The �ltered FM-noise ould be redued through a areful laser design proessto optimize the laser struture when the phase noise property was targeted. Thenoise from the urrent soure injeting into the passive setions is one of theontributions to the �ltered FM-noise and the low frequeny noise (the 1/fαnoise). A areful design for low noise urrent soures (espeially for injetinginto passive setions) would help to improve the spetral purity of these tunablelasers.6.1.2 Communiation Systems perspetiveThe detailed understanding of phase noise properties of the SG-DBR lasers sup-ports the extensive investigation of the performane of optial ommuniationsystems with advaned modulation formats employing this type of tunable laser.Experimental results on�rmed that the white FM-noise basially de�nes thelower limit for the BER performane of the oherent ommuniations systemswhile the low frequeny 1/fα noise in the SG-DBR lasers will potentially in-rease the instability of the system performane in term of BER and yle slipprobability.Novel transmission shemes with advaned DSP algorithms have been pro-posed to e�etively overome these issues. For fully optial oherent reeption, aseond-order DD-PLL an be deployed to simultaneously trak the fast phase and120



low frequeny noise of the SG-DBR lasers. For self-oherent reeption, a noveloherent self-heterodyne reeiver with PM detetion tehnique has been shownto give very high laser phase noise tolerane and be able to move to higher ordermodulation formats. For diret detetion, a Baudrate-Pilot-Aided QAM trans-mission sheme was proposed and proved its robustness to any phase/frequenynoise proesses in the SG-DBR laser, while o�ering a high spetral e�ienysolution for pilot-based ommuniation systems.6.1.3 Optial paket swithing networks perspetiveThe performane degradation during the transient state of a wavelength swithingevent of the SG-DBR lasers has been examined. Experimental results show thatthe optial paket swithing systems employing DQPSKmodulation format wouldrequire tens of nano-seonds to ahieve error-free transmission after a wavelengthswithing event. Even though the SG-DBR lasers take less than 5ns to swithfrom one wavelength to another, it would take a longer time (10s of ns) forthe frequeny/phase of the emission optial �eld to settle down . In this ase,the Baudrate-Pilot-Aided QAM transmission sheme would be the most suitablesolution due to its immunity to large phase/frequeny �utuations of the laser�eld. Experimental results on�rmed that this transmission sheme an reah itsstati performane within 5 ns after the wavelength swithing event.6.2 Future researhFrom the urrent ahievements of this researh, some of future researh diretionswould be as follows.6.2.1 Devies perspetiveA more omplete mathematial model for monolithi tunable lasers would need tobe developed to obtain a deeper understanding of the original physial proessesof laser phase noise. The new model would aount for more devie parametersin terms of devie struture and material of di�erent setions in the tunable laser.This would allow us to ompare the extensive haraterization of the fabriateddevies with the results from these models. Optimizing the monolithi deviestruture by targeting laser phase noise properties would be a hallenging researhdiretion.Photoni integration for the transmitter and reeiver used in oherent om-muniation systems would also need to be arefully investigated. In the mean121



time, the peripheral eletroni iruits for biasing, driving, temperature ondi-tioning, et. would need to be extensively re-examined. The �nal researh targetwould be an integrated solution for the ompat fast-tuning optial transeiverthat would e�etively realize the optial nodes for an all optial paket swithingnetwork.6.2.2 Communiation Systems perspetiveIn parallel with devie researh and development, advaned DSP for both thetransmitter and reeiver would need to be improved to optimize the ultimate sys-tem performane. Espeially, for the fully oherent systems, advaned phase/frequenytraking algorithms in ombination with a robust yle sip orretion methodwould require more intensive e�orts to bring the monolithi tunable lasers to theommerially oherent ommuniation appliations. The total spetral e�ienyof the networks would be signi�antly inreased with spae-division-multiplexing.A ombination between advaned modulation formats with SDM and optialpaket swithing would drive a very interesting researh diretion with more hal-lenges.The baudrate-pilot-aided QAM transmission sheme with diret detetiondemonstrates a potentially ommerial appliation for a low ost optial om-muniation link. The proposed system would however require more detailedinvestigation into the hardware implementation that would be required. Eventhough the transmitter and reeiver of suh a system have been demonstrateddigitally in this thesis with high sampling rate equipment, an analog solutionfor this low ost system is feasible and would be an interesting potential futureresearh diretion. It would be also interesting to develop the e�ient analog ir-uitry for the funtional bloks in this transeiver suh as the pilot adding blokfor transmitter, lok reovery, math �lter, et.6.2.3 Optial paket swithing networks perspetiveDeveloping advaned DSP to redue the required settling time after the wave-length swithing event for optial paket would require further investigation. Theomplex algorithms to ompensate for the strongly �utuating parameters duringthe transient time of the optial paket suh as frequeny, phase or polarization(in fully oherent systems) would need to be improved to inrease the e�ienywhile reduing the omputational ost. Adaptive modulation formats would alsobe a good solution to pursue in the future researh to solve these problems.The optial paket swithing transportation networks would require a more ef-122



�ient arhiteture for the upper network layers suh as the network managementlayer. Software De�ned Networks (SDN), whih urrently attrats onsiderableresearh and development e�ort, ould be intensively investigated to adapt withthis future optial network on�guration. In addition, for future systems involv-ing spae-division-multiplexing, the network on�guration would beome veryomplex and that would also require an optimal network arhiteture design.
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