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Abstract

The desire for multi-media content and richly interactive data services is shaping
a new era for telecommunications networks. Future networks will need to be capa-
ble of offering Triple Play, Internet Protocol Television, Video-on-Demand, Voice-
over-Internet-Protocol and High-Speed Internet Access, combined with guaran-
teed Quality of Service. These networks will employ optical transport networks
with wavelength division multiplexing (WDM) technology, and advanced mod-
ulation formats, in order to achieve the high capacities required. In addition,
given the bursty nature of this data it is expected that dynamic allocation of the
bandwidth will be implemented to efficiently use the available capacity. The key
component in these networks will be the tunable laser transmitters that generate
the different wavelength packets. This thesis has explored novel applications and
implementations of the sampled-grating distributed Bragg reflector (SG-DBR)
laser, in optical WDM metro, and access networks. Through theory, simulations
and experiments, I have investigated the use of SG-DBR lasers for advanced mod-
ulation formats in fast reconfigurable optical networks. Firstly, the phase noise
properties of the SG-DBR laser and its impacts on coherent optical communica-
tions have been intensively characterized. Subsequently, I proposed techniques
to overcome these obstacles for advanced modulation format communication sys-
tems. Finally, the application of advanced modulation formats in dynamic optical

packet switching scenarios employing SG-DBR lasers have been evaluated.

vi
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Introduction

Due to the exponential growth of the internet traffic (60% every 18 months),
the current optical transportation networks are moving towards higher spectral
efficiency communications links with lower latency. Coherent detection using
advanced modulation formats, accompanied by fast re-configurable optical net-
works, would enable the ability to achieve this target for future communications
networks. In this work, I will extensively investigate the important aspects of fast
re-configurable optical networks deploying advanced optical modulation formats.
The key component in such a network is the fast-wavelength-switching tunable
laser, particularly, the Sampled-Grating Distributed Bragg Reflector (SG-DBR)
laser. However, SG-DBR lasers exhibit sophisticated phase noise properties that
would significantly impact the performance of systems using advanced modula-
tion formats. This leads to the need for novel signal processing algorithms and
transmission methods to tackle the impact of SG-DBR laser phase noise. The
main contribution of this research work can be summarized as below.

I firstly proposed and experimentally demonstrated laser phase noise mea-
surement methods to characterize the SG-DBR laser in detail. From the mea-
surement results, I can resolve, and confirm with the theoretical analysis, that
the phase/frequency noise of the SG-DBR laser consists of: (1) the Schawlow-
Townes-Henry phase noise (random-walk process in phase) with relaxation oscil-
lation above 5GHz; (2) the filtered Frequency Modulation noise (FM-noise) from
the dynamics of carriers in passive sections; and especially the low frequency noise
including the flicker 1/f noise and the frequency random-walk 1/f? noise. The
impact of the different phase noise processes in optical communication systems
were then carefully examined. I found that the low frequency noise can lead to
instability of the system performance while the Schawlow-Townes-Henry phase
noise basically defines the lower limit for the Bit Error Rate (BER) performance
of the coherent communications systems. I then proposed the use of a second
order decision-directed phase-locked loop phase tracking algorithm to overcome
this issue in fully optically coherent communications links. I also proposed two

novel transmission schemes: the self-heterodyne receiver using phase modulation

xXVvi



detection technique, and baudrate-pilot-aided quadrature amplitude modulation
transmission scheme with direct detection to effectively overcome the significant
impact of the laser phase/frequency noise in the SG-DBR lasers. Finally, the
application of the SG-DBR lasers in optical packet switching networks employing
advanced modulation formats was carefully examined. The baudrate-pilot-aided
quadrature amplitude modulation transmission scheme has proven to be a suit-
able candidate for such a highly dynamic system.

The structure of this thesis is as follows:

Chapter 1 reviews the current status of the optical communication networks.
Firstly, the fundamental limits of the optical communications links will be revised.
Advanced optical modulation formats employing coherent detection technique
which offers high spectral efficiency and high energy efficiency are reviewed. The
current trend in research and development of space division multiplexing systems
are also presented. Finally, reconfigurable optical networks and the application

of advanced modulation formats in these networks will be discussed.

Chapter 2 re-derives the general Schawlow-Townes-Henry phase noise formula
for semiconductor lasers. Based on that I then develop an analytical model for
phase noise processes in monolithic tunable lasers with multi-sections, partic-
ularly the Distributed Bragg Reflector - style lasers. The complete Frequency

Modulation-noise spectrum of a SG-DBR laser is finally formulated.

Chapter 3 proposes and demonstrates the novel delayed-self-heterodyne phase
noise measurement method employing the phase modulation detection technique.
The proposed method was then compared and confirmed with the conventional
delayed-self-homodyne phase noise measurement method employing a coherent
receiver. The phase noise measurement techniques were then utilized to exten-
sively study the phase noise processes in different types of semiconductor lasers,
especially the SG-DBR lasers.

Chapter 4 examines the laser phase noise issue in advanced modulation for-
mat optical communication systems employing monolithic tunable lasers. I firstly
investigate the effects of the SG-DBR laser phase noise processes in a coherent
optical communication system. The novel phase noise tracking algorithm utilizing
a second-order decision-directed phase-locked loop has then been proposed and
evaluated. In this chapter, two novel transmission schemes to effectively overcome
the problem of phase/frequency noise in SG-DBR lasers are proposed while satis-

fying the target of high spectral efficiency for communications links: Differential

Xvil



Quadrature Phase Shift Keying signaling with the coherent-self-heterodyne re-
ceiver employing phase modulation detection technique; and baudrate-pilot-aided

Quadrature Amplitude Modulation transmission with direct detection scheme.

Chapter 5 investigates the applications of advanced optical modulation for-
mats in the fast reconfigurable optical networking scenario. I found that the
performance of a Differential Quadrature Phase Shift Keying system employing
the SG-DBR laser for fast-wavelength-switching experiences performance degra-
dation during the wavelength switching event. This performance degradation is
examined and discussed through the experimental results. Finally, I confirm that
the baudrate-pilot-aided Quadrature Amplitude Modulation transmission scheme
with direct detection is a good fit for such an application in optical packet switch-

ing networks.

Chapter 6 summarizes and concludes the thesis. Some possible future research

directions are discussed at the end of this chapter.
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Chapter 1
Optical Communication Networks

Beginning with the pioneering experiment on data transmission over a short glass
fiber carried out by Charles K. Kao at the Standard Telecommunication Labora-
tories - Harlow in 1965, optical communications has developed tremendously over
the past 50 years. The photon has manifested itself as the most efficient data
transport carrier up-to-date. In this chapter we briefly review some essential con-
stituents of modern optical communication networks. The chapter is as follows.
We firstly evaluate the capacity limit of the optical channel employing Wave-
length Division Multiplexing (WDM) in section 1.1. In section 1.2, the current
status of advanced modulation formats used in optical networks will be reviewed.
Re-configurable optical networks are reviewed in section 1.3. We finally present
the feasibility of combining advanced modulation formats with re-configurable
optical networks to achieve optimum efficiency of resources in the entire optical

network in section 1.4.

1.1 Capacity limit of optical fiber utilizing WDM

transmission

To evaluate the capacity limit of optical communications over fiber, we start with
a brief review on the Shannon limit for communications, particularly for Additive
White Gaussian Noise (AWGN) channel [1]. The estimation of channel capacity
of optical fiber will be based on considering this limitation with the nonlinear

Schrodinger wave equation in the fiber [2, 3, 4, 5].

1.1.1 Shannon limit in communications

The dawn of modern digital communications began with the Information Theory

proposed by Claude E. Shannon in 1948 [1]. A rigorous derivation of capacity for

1



an AWGN channel was presented in |1, 3]. To describe the capacity, the entropy
of a transmitting signal X (a random variable) to the channel could be defined
as |1, 3]

H(X) =) —Px(a)log, Px(a) (1.1)

where Py is the probability that the random variable X takes the value a in
the modulation constellation. The mutual information of the transmitted signal
X and received signal Y has been defined as [3]
PXY (CL, b)

I(X:Y) = H(X) = H(X[Y) = 3 Pa(a,b) log, 3

@e® Y

The capacity of a channel for reliable communications is then the maximum
mutual information over all possible input distributions Px(.), i.e. the capacity

in bits per symbol is [1, 3]

C =mazl(X;Y) (1.3)

P()
Theoretically for an AWGN channel with continuous input - continuous out-
put, the equation 1.3 yields a well-known formula of channel capacity in bits per

second (or information rate) [1, 3]

C = log,(1+ SNR) (1.4)

where SN R is the Signal-to-Noise ratio. Nevertheless, in a practical commu-
nication system, the input constellation used to be a discrete set of symbols that
yields a more realistic channel with discrete input - continuous output. Particu-
larly we pay attention to two families of modulation formats named Phase Shift
Keying (M-PSK) and Quadrature Amplitude Modulation (M-QAM) where M is
defined as the constellation size or the number of points in the modulation con-
stellation. Obviously the maximum capacity of these discrete modulation formats
is logy(M). Fig. 1.1 illustrates the Shannon limit for an AWGN channel and the

capacity for some widely used modulation formats.

1.1.2 The nonlinear Shannon limit of WDM system

Optical communications employing the optical fiber as a nonlinear transmission
medium makes it unique to conventional wire-line and wireless communications.
In addition to the Amplified Spontaneous Emission (ASE) noise induced by opti-

cal amplifiers, the most important propagation nonlinearity of this medium is the
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Figure 1.1: Shannon limit for AWGN channel

intensity dependence of the refractive index [2, 3, 5|. In WDM systems, the chan-
nel capacity limit is mainly defined by the nonlinearity induced by cross phase
modulation (XPM) from the neighbouring channels to the channel-of-interest as
argued in [2| and proven in [3, 5]. Following the pioneering work in [2], to esti-
mate the capacity limit of information transmitted over the “optical channel”, we
begin with the Schrodinger equation which governs the evolution of the optical

field of the channel-of-interest ¢ in the single mode fiber.

Viz ) Ei(2,t 1.5

(al) _20BEY V0BG (15)

where V(z,t) = —2vY |E(2,t)|* appears as a random noise term to the
ki

channel-of-interest and Ej(z,t) are the independent E-field from the other chan-
nels. By introducing a nonlinear intensity scale I, the analytic expression for
lower-bound C' 5 to the total channel capacity of the stochastic Schrodinger equa-

tion 1.5 can be expressed as [2, 5]

o~ (I/I0) ]

BDAX
292 In(ne/2)Leyy
- the number of WDM channels, B - the signal bandwidth in each channel, D -

the fiber dispersion coefficient, A\ (or Af)- the channel spacing (in wavelength

where Iy = The parameters in the above equation are: n,.

or frequency) of WDM grid, ~ - the nonlinear coefficient of the fiber, the ef-
fective length of the system L.;s ~ ns/a where n, is the number of spans and

« is the fiber loss coefficient. Figure 1.2a plots the lower bounds of Spectral

Efficiency SE = nCLABf for the optical fiber versus the input power per channel

3
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with the parameters given below, assuming that all channels have the same input
power. Equation 1.6 yields a conclusion that in a WDM system, the channel
capacity increases with fiber dispersion, channel spacing, signal bandwidth, and
decreases with the number of channels and the number of spans. Figure 1.2b

clearly demonstrates this.

Optical-Signal-to-Noise ratio (OSNR): In optical communications, besides
the SNR, the OSNR has been frequently used as a measure to manage the qual-
ity of signal in transmission. The definition of OSNR differs from SNR by a
normalization factor based on the particular choice for the fixed reference noise
bandwidth B,.f, and how the polarization modes are accounted for. The rela-
tionship between OSNR and SNR can be expressed as [3, 4]

PR
ref

where p is the number of polarization modes modulated in transmission, R, is

OSNR =

SNR (1.7)
the symbol rate and B,y is the reference noise bandwidth, usually B,.; = 0.1nm.

1.2 Review of advanced modulation formats for

optical communications

Due to the capacity crunch in Dense Wavelength Division Multiplexing (DWDM)
optical networks, and data traffic increasing exponentially by 30 to 60% every
year [4, 6], the conventional On-Off Keying modulation format in optical com-
munications is surely not capable of coping with this capacity trend. Advanced
optical modulation formats, especially with coherent detection, which offer high
spectral efficiency are being increasingly investigated in research and installed in
commercial systems from 2012. Fig. 1.3 reviews the evolution of experimentally
achieved system capacity and spectral efficiency of advanced optical modulation
formats over the last two decades [6]. This section gives an overview of the cur-
rent status of advanced modulation formats being actively employed in optical

communication networks.

1.2.1 High spectral efficiency modulation formats with co-

herent detection

Coherent detection schemes were intensively studied in the early 1980s due to the

high sensitivity of the coherent receiver. However, with the advent of Erbium-
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Figure 1.3: The left figure summarizes the experimentally achieved single-channel
bit rates (single-carrier, single-polarization, electronically multiplexed; green cir-
cles), symbol rates in digital coherent detection (purple squares), and aggregate
per-fiber capacities (triangles) using wavelength-division multiplexing (WDM;
red), polarization-division multiplexing (PDM; blue), and space-division multi-
plexing (SDM; yellow). Experimentally achieved per-polarization spectral effi-
ciencies in single- (red) and dual-polarization (blue) experiments are also shown
in the right figure. [6]

doped fiber amplifier (EDFA) in combination with high-capacity Wavelength Di-
vision Multiplexing systems, the research and development of coherent systems
were interrupted for nearly 20 years |7, 8]. The use of EDFA’s and WDM re-
sulted in the significant increase in system capacity in experimental demonstra-
tion (about 2.5 dB/year) during the 1990s as observed in Fig. 1.3. Since then,
On/Off Keying modulation format (OOK), with its simplicity, has dominated
optical communications in the last decades. OOK was also the first modulation
scheme used in commercially available products of 40 Gbit/s [9] communication
systems and was taken all the way to 100 Gbit/s in research demonstrations [10].
Even though the technical difficulties associated with the bandwidth of elec-
tronic components for OOK at 100 Gbits/s were shown to be manageable, it was
realized early on that the spectral efficiency of OOK would not be sufficient for
future optical transport network, and research on 100 Gb/s started to include
higher order modulation formats such as Differential Quadrature Phase Shift
Keying (DQPSK) with delay line interferometers (DLIs) and direct detection by
2002 [11, 12]. Recently, 100 Gb/s DQPSK systems was taken to field trials for
live HDTV video traffic using the LambdaExtreme platform over 504 Km [13].
Although DQPSK was demonstrated for 100 Gb/s systems, it could only
support a 100 GHz channel spacing. For migrating to even higher bitrate and
supporting 50 GHz channel spacing (DWDM), higher spectral efficiency modu-



lation formats would be required. The next stage of optical communications has
been opened up with high-speed Digital-to-Analog converters (DAC), Analog-to-
Digital converters (ADC), digital signal processing (DSP) processor and optical
coherent detection. The real and imaginary components of the complex amplitude
of the optical carrier could be coherently detected and retrieved with a digital
coherent receiver using an optical 90° hybrid. Modern optical coherent receivers
with DSP are built on the intradyne principle where the intermediate frequency
falls somewhere within the signal band (because a small frequency offset is con-
sistently introduced between the lasers at the transmitter and the receiver). In
addition, polarization division multiplexing (PDM) could be combined with ad-
vanced modulation formats to double the spectral efficiency. In this way, 111
Gb/s PDM-QPSK was first demonstrated over 2550 Km for 50 GHz channel
spacing DWDM in [14].

With the commercial popularity of Lithium-Niobate based Nested-Mach-Zehnder
modulators (I-Q modulator), coupled with polarization/phase diversity optical
90° hybrids, higher spectral efficiency has been achieved by employing coherent
detection with high order Quadrature Amplitude Modulation (QAM) formats
[15]. However as observed from Fig. 1.1 the richer constellation of higher order
QAM requires the received signal to have higher Signal-to-Noise ratio, and also
requires more complicated DSP at the receiver side. The spectral purity of laser
source was considered as one of the pronounced obstacles for QAM formats with
coherent detection. Recently Polarization-Multiplexed 16-QAM at 224Gbits/s
has been reported in [15] using an External Cavity Lasers with narrow linewidth
for both transmitter side and local oscillator (LO) at receiver side. Subsequently
32-QAM and 64-QAM for single carrier transmission with DSP-offline has been
experimentally reported [6]. Apart from using advanced DSP after coherent de-
tection to overcome the laser phase noise issue, the idea of Phase Locked Loop in
RF communications was also adopted in an Optical Phase Locked Loop incorpo-
rated by transmitting a pilot tone [16]. In this technique, Nakazawa’s group have
reported remarkable coherent optical detection of 512-QAM at 54 Gbit /s over 4.1
GHz optical bandwidth using CyH, fiber lasers with extremely low linewidth (4
KHz) [17]. They also combined their coherent QAM systems with Optical Time
Division Multiplexing (OTDM) to achieve even higher bitrate with high spectral
efficiency. A 400 Gb/s 32 RZ/QAM system was reported over 225 Km on a single
carrier at 10 Gsymbol/s x 4-OTDM in [18].

In parallel with increasing the spectral efficiency by simply using denser con-
stellation, to pack more information bits into a given bandwidth of the C-band

(and extended L-band) of the EDFA| researchers have proposed new techniques



to reduce the guard bands between the DWDM channels by introducing the Su-
perchannel technology [19]. A closely-spaced Superchannel could be formed by

(i) maintaining the orthogonality in the frequency domain of the transmit-
ted sub-channels (subcarriers), and the time-aligned symbols in the temporal
domain should satisfy the Nyquist criteria [20]; (ii) spectral confinement with
pulse shaping filters in the digital domain [21] or in optical domain [22]|, namely
Nyquist-WDM;; (iii) or placing multi-band electrical Orthogonal Frequency Di-
vision Multiplexing (OFDM) signals [23, 24| on a frequency-locked multi-carrier
light source [25]. The first approach also requires a frequency-locked source and
an oversampling rate of about 2 samples/symbol [20]. The digital Nyquist-WDM
approach employs the digital Nyquist-type filters, such as Raised-Cosine or Root-
Raised-Cosine filters, to shape the pulses of the transmitted signals prior to driv-
ing the I/Q modulator. In this way the sub-channels can be placed so close as
to have a guard band of 1% signal bandwidth, when employing PDM-32-QAM
modulation format [21]. In another approach, the authors in [22]| proposed to use
optical filtering to aggressively confine the spectrum of each sub-channel to a sub-
Nyquist bandwidth such that a 28 Gbaud PDM-RZ-QPSK signal is constrained
in 25GHz bandwidth. This sub-Nyquist signaling induces modulation memory,
and symbol-by-symbol detection is in turn not effective anymore. That would
require a symbol sequence detection scheme at the receiver such as Maximum a
Posteriori (MAP) or Maximum Likelihood Sequence Estimation (MLSE) [22].

In the third approach utilizing coherent OFDM (CO-OFDM), the guard in-
terval presented as cyclic-prefix [24] to protect the OFDM symbol from fiber
dispersion can be reduced to increase the total spectral efficiency. As reported
with Reduced-Guard-Interval-CO-OFDM in [26], the long memory inter-symbol
interference (IST) from fiber dispersion is compensated prior to OFDM signal pro-
cessing as done in single-carrier frequency domain equalization, while the remain-
ing reduced-cyclic-prefix is used to accommodate the short memory ISI induced
by transmitter bandwidth limitation and polarization mode dispersion (PMD).
The well-known issue of high peak-to-average power ratio (PAPR) in Superchan-
nel CO-OFDM has also been attracted research attention and could be mitigated
by some addition DSP techniques such as DFT-spread-OFDM [27] adopted from
wireless communications. Moreover on applying OFDM-type signals into optical
communications, the authors in [28] proposed a novel all-optical OFDM transmit-
ter/receiver configuration which is a high potential for future optical communi-
cations applications. The Superchannel technology offers a considerable increase
in spectral efficiency with the expense of additional requirements on DAC at the
transmitter, ADC at the receiver and advanced DSP.



As discussed, the choice of high spectral efficiency modulation format is not a
unique answer and really depends on the system requirements such as channel in-
terface rate, available optical bandwidth, transmission distance, power consump-
tion, transponder complexity, OSNR, etc. Careful consideration of the chosen

modulation format is based on some trade-offs [6] in terms of the following issues:

DAC and ADC performance: A single IQ modulator needs two DAC
with minimum resolution of log,(v/M) for a M-size constellation, and higher
resolution allows compensation for modulator nonlinearity. In addition, oversam-
pling would be required for pulse shaping and OFDM. In a parallel modulators
approach enabled by photonic integration [29], the binary driving signals are suf-
ficient. At the receiver side, for a pre-FEC BER of 1073, the ADC would require
approximately 3 bits more than log,(v/M) in terms of effective number of bits
(ENoB). With current CMOS technology, a DAC is available for up to 65 GSam-
ples/s with 8-bit resolution and a ADC can achieve 65GSamples/s at 6 ENoB
across 20 GHz [30].

Equalization digital filter: Fiber chromatic dispersion is well compen-
sated by applying a digital FIR filter with Ts/2 spacing in DSP [31|. However
the longer reach and higher system baudrate, equivalent with longer channel

memory, would require longer tap lengths of the FIR filter.

Laser phase noise: Semiconductor lasers introduce high phase noise as
will be discussed in the next chapters [32]. That significantly limits the choice of
constellation size M to achieve higher spectral efficiency [33]. Another important
aspect induced from the laser spectral impurity is equalization-enhanced phase
noise [34]. The high-speed signals have less tolerant to the laser phase noise in

long digital filter for dispersion compensation.

Transmission reach: As observed in Fig. 1.1, denser constellations require
higher OSNR or less accumulated ASE over the transmission link. Stronger For-
ward Error Correction (FEC), coded modulation and/or lower loss fiber could
improve the reach with the expense of lower spectral efficiency. Also new fiber
design with lower nonlinearity and/or nonlinear distortion compensation tech-
niques such as Digital Back Propagation [35|, Phase-Conjugated Twin Waves |36]

would increase the optical launched power and consequently transmission reach.

Spectral confinement: As in the discussion of Superchannels above, with
the support of the high speed ADC, DAC and DSP, pulse shaping can confine the

9



transmitted signal spectral and improve the spectral efficiency with the trade-offs
of transceiver complexity and an increase in PAPR. Sub-Nyquist signaling (or
super-Nyquist signaling) can be achieved to over-filter the transmitted signal but
requires a symbol sequence detection such as MLSE which in turn increases the

receiver latency and complexity.

1.2.2 Space-Division Multiplexing: the next dimension to

explore

Even with the best effort to push up the transmission capacity (and transmission
length) of the single-mode fiber close to the non-linear Shannon limit as recently
demonstrated by the experiment that achieved 640 Gb/s PDM-16QAM at 80
Gbaud [37|, or the remarkable 101.7 Th/s transmission with PDM-128QAM-
OFDM over 165 Km SMF-28 fiber [38], experimental results have approached
the theoretical limit to within a factor of two as illustrated in Fig. 1.4 [39]. That
clearly shows the current technology utilizing the time-, quadrature-, wavelength
(frequency)-, polarization- multiplexing ability of the single-mode fiber would not
be able to address the future optical networks capacity crunch [40, 41]. In order
to overcome this issue, in the last few years, researchers around the world are
extensively exploring the last dimension for multiplexing in optical communica-
tions: the spatial dimension or Space-Division Multiplexing (SDM). SDM can
not only solve the issue of capacity crunch but also enables large reduction in
cost-per-bit or energy-per-bit [39]. In general, Space-Division Multiplexing falls
into two main categories: low-crosstalk SDM over multi-core fiber (MCF) and
high-crosstalk SDM over multi-mode ( few modes) fiber (MMF) [41, 42].

In the first approach, a new fiber design is proposed with multi-core and each
core is essentially an “isolated single-mode fiber”. An MCF has each core operating
as an independent channel and spatially multiplexing all the cores (channels)
to increase the total capacity. To achieve SDM in this case, the mandatory
issue that needs to be tackled is crosstalk between the spatial channels especially
after fiber transmission. The second issue is how to couple the light into the
independent cores with the lowest crosstalk level, so called Fan-In/Fan-Out, given
the separation between the cores is very small (30-50 pum). The development of a
practical multi-core optical amplifier is the next crucial key to enable this type of
system. Recently, transmission experiments of low-crosstalk MCF with 7-core [43,
44], 12-core [45] and 19-core [46] have been impressively reported. The MCF fibers
can also be used to generate the orbital angular momentum multiplexing signal

[47] where the Laguerre-Gaussian modes were chosen for multiplexing instead of
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Figure 1.4: Spectral efficiencies versus transmission distances achieved in WDM
experiments (circles, dotted line) and in narrowband filtered single-channel ex-

periments (squares, dashed line). The solid line also shows the nonlinear Shannon
limit of SMF with PMD. [39]

widely used TEM modes [48].

High-crosstalk SDM is achieved in MMF by selectively exciting, and coher-
ently detecting, the complete orthonormal set of modes with multiple-input-
maultiple-output (MIMO) techniques at the receiver side. The key challenges
associated with this system are: (i) the differential group delays in coupled-
mode waveguides must be small enough to be handled by MIMO-DSP, (ii) the
mode-dependent loss (and/or gain) and noise variation between the modes, (iii)
and the complexity of DSP-MIMO receiver. The modal dispersion in MMF is
analogous to multipath delay spread in wireless communications and does not
fundamentally limit system performance [49], while the mode-dependent loss is
analogous to mutipath fading in wireless systems and reduces the MIMO capacity
[50]. Various experimental demonstrations of coupled-mode MIMO-SDM trans-
mission have been reported recently, including transmission of six spatial and
polarization modes in few mode fiber [51] or in strongly coupled multi-core fiber
[52].

1.2.3 Energy efficient optical modulation formats

As outlined in the previous section, the main trend of modern optical commu-
nications is to pack more transmission bits into a given optical bandwidth by
migrating to higher spectral efficiency modulation formats. However, regarding
Fig. 1.1, Shannon’s Information Theory [1] tells us that the trade-off of moving to

a higher spectral efficiency is the lower energy efficiency of the given modulation
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format. It also means that with the acceptance of losing spectral efficiency one
can improve the power efficiency or receiver sensitivity of a modulation format.
In this subsection we review some proposed advanced modulation formats that
can improve the receiver sensitivity.

By exploring the nature of two orthogonal polarizations of the complex opti-
cal field transmitted in the single mode fiber, some multi-dimensional (3-D, 4-D)
modulation formats have been recently proposed to achieve a sensitivity even bet-
ter than the well-known BPSK format in the ASE limit. Instead of independently
modulating the two polarizations as with Polarization Multiplexed - QAM, the
Polarization Switched QPSK (PS-QPSK) format has been proposed in [53] to
employ the first two bits to modulate the complex E-field as a normal QPSK sig-
nal, and the third bit to switch between the two polarizations. In general for an
uncoded transmission the PS-QPSK format offers an asymptotic 1.76 dB power
efficiency' advantage over PM-QPSK (or QPSK, or BPSK) based on sphere pack-
ing theory [53, 54]. That leads to the extensive experimental demonstrations of
this modulation format to confirm the improvement in receiver sensitivity [55, 56].
Experimental results also show that PS-QPSK is more tolerant to fiber nonlin-
earity than the widely-deployed PM-QPSK. However, when taking into account a
sufficient Forward Error Correction, the authors in [57] argue that with the same
data rate, bandwidth and transmit power, PS-QPSK is actually not as efficient
as PM-QPSK.

The Pulse Position Multiplexing (PPM) modulation format also offers high
sensitivity with of-course the extension in occupied bandwidth. By combining
M-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 record
receiver sensitivity of 3.5 photons per bit? (2.5 photons/bit in theory) at BER =
1073 in a 2.5 Gbit/s system employing pre-amplified receivers. A brief summary
of theoretical performance of the above modulation formats is given in Table 1.1
[54, 58].

1.3 Review of re-configurable optical networks

In previous sections, we have discussed in detail the optical transmission in a

point-to-point link with single carrier or WDM systems. The focus on increasing

2
I'The power efficiency of a modulation format is defined as PE = 'Z’"Tib" , where Ej is the

energy per bit and d,,;, is the minimum distance of the constellation.

2In coherent optical communications, the physical interpretation of SNR per bit is f,—z =
N:f;sp where n; is the average number of photons per bit, IV, is the number of in-line amplifiers
with spontaneous emission factor np,.
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Modulation Spectral Efficiency Sensitivity @ BER = 1073
Format (bits/sym/pol) (Ey/No) (dB)

BPSK 1 6.8
PM-QPSK 4 6.8
16-QAM 4 10.5
PS-QPSK 3 5.8
16-PPM 4 6.7

PQ-16PPM 8 3.9

Table 1.1: Power Efficiency of high sensitivity modulation formats

point-to-point link capacity in combination with electronic switching elements
and optical-electrical-optical (OEQ) transponders was the first phase of optical
networking, which is often referred to as the first-generation [59]. However, the
real advantage of optical networking arises from the ability to reconfigure the
entire network directly in the optical layer without involving electronics in the
data plane. Hence the second-generation of optical networks achieves reconfigu-
ration of the optical circuit by properly configuring the lightpath using the optical
network elements [60, 61]. With the introduction of EDFAs, reconfigurable opti-
cal add/drop multiplexers (ROADMSs) and optical crossconnects (OXCs), optical
circuit switched networks have become a proven network technology, and are
widely deployed in the last decades. However as data traffic keeps increasing
exponentially as discussed above, we anticipate the third-generation of optical
networks will increase the total transport capacity by addressing the switching
of optical data packets or optical bursts directly in the optical layer [60, 61, 62].
The evolution of optical networks is summarized in Fig. 1.5 [59].

Electrons are useful in building up memory devices, but not as effective as a
transport carrier. On the other hand, photons have the opposite characteristics.
To date all of the electronic switching elements (routers, switches) are based on
the efficient store-and-forward time processing technology with the utilization of
random access memory (RAM) as the buffers. In contrast optical switching tech-
nology might tackle the main difficulty posed by the lack of an efficient “optical
memory” device due to the nature of photons. However, an all-optical router can
exploit the wavelength domain to enable switching and contention resolution, and
it can also potentially support high line rate multi-wavelength signals in the op-
tical switching fabric with typically much less power and signal interference than

its electronic counterpart [61].
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1.3.1 Switching technology for re-configurable optical net-

works

As mentioned earlier, re-configurable optical networks maintain the network con-
nections in the optical layer which enables the removal of a tremendous amount
of electronic processing from the network, and the attendant cost, power, space,
and reliability burdens. Furthermore, all-optical switching elements, by oper-
ating on wavelengths, are more scalable than their electronic counterparts [60].
The structures of optical routers with synchronous and fixed-length datagram,
or asynchronous with variable-length packets are illustrated in Fig. 1.6 [62]. In
the third-generation optical networks, optical burst switching and optical packet
switching technology have been widely investigated in research and development
recently. The advantage of optical burst switching compared to conventional
optical circuit switching is that it can more effectively accommodate bursty traf-
fic at subwavelength granularity without requiring very fast switching speeds as
required with optical packet switching, while optical packet switching seeks to
achieve nanosecond switching speeds with much shorter datagram, which in turn
significantly enhances the total throughput of the networks. In optical burst
switching, firstly, a burst header cell (or control data packet) is sent from source
to destination on a control channel to set up the lightpath, then the data bursts
will be transmitted. As a result, the established connection remains in place dur-

ing the data bursts transmission, and is then torn down afterwards to improve
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Figure 1.6: Optical router structures for (a) synchronous and fixed-length packet
forwarding, and (b) asynchronous and variable-length packet forwarding. [62]

the network utilization efficiency [61].

In optical packet switching, since the optical packets are much shorter than
the optical bursts, the systems require rapid switching, typically in a nanosecond
time scale [61]. Hence, with the lack of optical buffering, slow switching can cause
loss of bits in a packet during the switching transition, unless there is enough time
gap or “quard time” between the packets to account for the switching transition.
This guard time must be short for the optical packet switched network to be
efficient, which in turn requires fast switching operation for the optical routers.
Fig. 1.7 depicts an implementation of optical routers with novel hierarchical con-
tention resolution and arbitration in wavelength-time-space domains [61, 62]. The
router includes feedback fiber delay lines as “optical buffers”, arrayed waveguide
grating router (AWGR) with fast tunable-wavelength converters at the input, and
fixed-wavelength converters at the output of the switching fabric. The tunable
wavelength converter therein consists of the key component - the fast-switching
tunable laser such as a superstructure grating distributed Bragg reflector (SSG-
DBR) or sampled grating distributed Bragg reflector (SG-DBR) lasers to meet
the requirement of reducing the guard time of the optical packets (on a time scale

in the other of nano-seconds).

1.3.2 Examples of optical packet switching projects

A variety of reconfigurable optical networking technologies and architectures have

been developed and examined over the past few years. FErbium doped fiber
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Figure 1.7: An implementation of an optical router supporting wavelength-time-
space domain contention resolution. [61, 62]

amplifiers (EDFAs), reconfigurable optical add/drop multiplexers (ROADMs),
wavelength crossconnects (WXCs), and tunable lasers are the key components
to enable these optical networks [63]. As discussed above, among diverse optical
switching techniques, such as Generalized Multiprotocol Label Switching (GM-
PLS), Waveband Switching (WBS), Photonic Slot Routing (PSR), Optical Flow
Switching (OFS), Optical Burst Switching (OBS), and Optical Packet Switching
(OPS), optical packet switching technology is particularly attractive for a true
[P-over-WDM architecture, where the IP packets are switched and routed over
the all-optical WDM network without excessive electronic processing in the data
plane. In the following, we review recent testbed activities on OPS proposed for
Metropolitan Area Network (MAN).

e HORNET Project (2003): The Hybrid Optoelectronic Ring Network HOR-
NET [64], proposed by the research group in Stanford University, is a
packet-over-WDM ring network which employed fast-tunable packet trans-
mitters and wavelength routing. The sampled grating DBR laser and
grating-assisted coupler with sampled reflector laser (GCSR) was the key
component for the tunable transmitter, with tuning times ranging between
5-20 ns. The receiver in each node was fixed to its home wavelength channel

which could be shared by other nodes.

e RingO Project (2004): The RingO project |65, 66] demonstrated a unidirec-

tional synchronous WDM ring network. Each fixed-size packet was carried
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by equally sized time slots. The RingO node consists of a fixed-receiver,
which corresponds to its home channel, and an array of fixed-tuned trans-
mitters, one for each home channel. The fast-tunable transmitters are made
by an array laser. The channel monitoring can be carried out by simply
measuring the power level of each slot and wavelength (without any re-
quired label /header processor). The MAC and Physical layer operation is
simpler than HORNET and was presented in [65]. RingO was successfully
demonstrated with 2 nodes and 4 channels (each channel with a data rate
at 2.5 Gbit/s).

HOPSMAN Network (2006): The High-Performance Optical Packet-Switched
WDM ring MAN network - HOPSMAN [67, 68] was proposed by the univer-
sities of Taiwan. HOPSMAN is a unidirectional WDM slotted-ring network
with multiple WDM data channels (at 10 Gb/s) and one control channel
(at 2.5 Gb/s). Each node in the HOPSMAN network has a fixed trans-
mitter and receiver pair for accessing the control channel, and a tunable
transmitter and receiver pair for accessing data channels. The ring testbed
of HOPSMAN was 38.3 km long, with 10 cycles per ring, 50 slots per cy-
cle, and each slot 320 ns long. The control channel wavelength was set at
1540.56 nm with 2.5 Gbit/s Bitrate, and four data channels at wave- lengths
of 1551.72 nm, 1553.33 nm, 1554.94 nm, and 1556.55 nm.

Scalable Optical Packet switches (2009): This project [69, 70, 71| was pro-
posed by the COBRA Research Institute. They demonstrated an OPS
subsystem employing in-band labeling to allow for transparent routing of
multi-wave-length packets with multiple data formats and at different data
bitrates. The address information of optical packets is encoded in-band
with the payload. Experimental results [71] show error-free operation of 1
X 64 optical packet switch subsystems for 160 Gb/s RZ-OOK, 320 Gb/s
NRZ-OOK, 120 (12 x 10) Gb/s DPSK and 480 (12 x 40) Gb/s OFDM
multi-wavelength with 64-QAM packets.

Optical label based OPS (2009): The authors demonstrated OPS and
buffering operation of a DWDM /NRZ-DPSK optical packet [72, 73|. The
data rate of the payload was 640Gbit/s (64x10 Gbit/s) with error-free
operation, including 200-Gchip/s PSK optical label processing for all 64-
wavelength-channel DPSK packets (label and payload are phase-modulated).
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1.4 Advanced modulation formats for re-configurable

optical networks

The extensive research works into re-configurable optical networks, (especially
with optical packet switching technology) carried out recently, are still implement-
ing low spectral efficiency optical modulation formats such as OOK or Differential
BPSK for data transmission. To achieve even higher total capacity (throughput)
for the entire network, advanced modulation formats with high spectral efficiency
would be applied for the tunable transceivers within the optical routers. Combin-
ing advanced optical modulation formats employing coherent transmission tech-
niques with optical packet/burst switching can enable optical networks that are
highly efficient both temporally and spectrally. Optical packet switching that
employs fully coherent detection PM-QPSK [74, 75|, self-homodyne detection
DQPSK [76, 77|, or 16-QAM polarization multiplexed pilot with self-homodyne
coherent detection [78| have been recently reported.

In such a system, the requirement for a fast wavelength-switching tunable laser
is inevitable. The monolithic tunable semiconductor lasers utilizing the index-
tuning mechanism, such as SG-DBR or SSG-DBR lasers, are considered as the
main potential candidates for these optical packet switching systems. However,
as mentioned in previous sections, in optical transmission deploying advanced
modulation formats, the phase noise of semiconductor lasers in the transceivers
is a crucial characteristics that defines the ultimate performance of the systems.
Even though the SG-DBR laser has demonstrated a very fast tuning speed of less
than 5 ns [79], which is most suitable for optical packet switching, the SG-DBR
device has shown complicated phase noise characteristics that impacts its feasi-
bility for higher order modulation formats [32, 80]. The performance degradation
caused by the wavelength switching event of the SG-DBR laser also requires in-
vestigation to improve the total throughput of the networks when the optical
packet becomes shorter. In the next chapters, we investigate in detail the phase
noise characteristics of the SG-DBR laser and its effect on systems employing
advanced modulation formats. The system performance under both static and
dynamic (during wavelength switching of the SG-DBR laser) conditions for opti-

cal packet switching networks will also be evaluated.

1.5 Summary

In this chapter, we have reviewed the current status of the optical communica-

tions networks, particularly on the optical modulation formats and reconfigurable
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optical networks aspects. We firstly reviewed the fundamental non-linear Shan-
non limit of optical communications over the fiber channel. A general formula
of the channel capacity limit has been re-derived and discussed. We then had
an overview from literature on advanced optical modulation formats in terms
of spectral efficiency and energy efficiency. The future trend in spatial division
multiplexing for optical communications was also discussed.

At the same time, to further increase the total throughput of the entire optical
networks, fast reconfigurable optical networks with optical packet/burst switching
would be employed for reducing the latency of the networks. Thus we reviewed the
evolution of switching technology in optical communications networks as well as
some exemplary testbeds for the optical packet switching networks. Subsequently,
the possibility of combining advanced modulation formats and reconfigurable
optical networks making use of fast tuning optical transceivers has been proposed.

The discussion on the SG-DBR laser, the key component in the fast tuning
optical transceivers, has been briefly presented for the application in the pro-
posed scenario. Especially, the phase noise property of the SG-DBR. lasers is
quite sophisticated and deviates from the conventional semiconductor lasers with
a single active section as mentioned above. Consequently, the next chapter will
be dedicated to review the theory on phase noise of conventional semiconduc-
tor lasers. Based on that theory, we will develop the theoretical model for the
complete phase noise processes exhibited in the multi-section monolithic tunable

lasers, particularly the SG-DBR laser with passive grating sections.
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Chapter 2

Phase Noise 1n Semiconductor

Lasers

Optical communications would not be practical without the invention of semi-
conductor lasers in the early 1960s. From a communications systems perspective,
one of the most important property of continuous wave semiconductor lasers
is the laser phase noise or the spectral purity of the output light. Moreover,
as reviewed in the previous chapter, optical communications is currently mov-
ing towards leveraging coherent detection technique to replace the conventional
intensity modulation/direct detection systems in longhaul and metro networks.
Coherent optical communications employing advanced modulation formats uti-
lizes both phase and amplitude of the optical field to transmit the data. That
in turn poses a more stringent requirement on the spectral purity of the semi-
conductor lasers used for these systems. It’s obvious that the laser phase noise
is setting the lower bound for the bit error rate of any systems using the optical
phase to carry the information data. Consequently, a full understanding of the
phase noise processes in semiconductor lasers is indispensable for this work.

In this chapter, we firstly review the conventional theory on phase noise of
semiconductor lasers which was developed in the 1980s. Section 2.1 will briefly
review the Schawlow-Townes-Henry theory of semiconductor lasers that includes
the gain-phase coupling associated with the semiconductor amplifying medium
and the associated carrier density relaxation oscillation. From that we then con-
tinue the investigation of phase noise in multi-section monolithic tunable lasers
which is the main concern in this work. An analytical model describing the com-
plete instantaneous frequency noise spectrum of a four-section Sampled-Grating
distributed Bragg reflector laser with more additional phase noise processes due
to the fluctuating carrier densities in the passive tuning sections is derived in

section 2.2. Finally, section 2.3 will conclude the chapter.
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2.1 Fundamental theory of phase noise in semi-

conductor lasers

The laser is essentially a special optical oscillator, i.e. it has many behaviors
of a typical oscillator [1]. In this work, we are solely interested in operation of
semiconductor lasers above threshold, where the amplitude of the optical field
is nearly constant while the phase can take any value. The optical phase in a
semiconductor laser exhibits a relatively slow wandering which could be basically
described by a Brownian random process [2, 3, 4]. In this section, we will re-
view the theory of laser phase noise in conventional single mode - single section
semiconductor laser that would include: the quantum noise limit with the Henry
linewidth enhance factor «, the relaxation oscillation and the low frequency flicker

noise.

2.1.1 Schawlow-Townes-Henry model of phase noise in semi

conductor lasers

The phase noise in an oscillator will obviously broaden its spectral line-shape
in the frequency domain. Therefore the spectral purity becomes an interesting
property of semiconductor lasers. There have been extensive investigations of
this area from the early stage of laser physics up to date. The full-width-at-half-
maximum (FWHM) spectral linewidth (Av) is the important parameter which is
usually used for evaluating the phase noise property of lasers. In the pioneering
paper proposing the optical maser (or early laser) [1], Schawlow and Townes
derived a formula for the laser linewidth which is inversely proportional to the
output power (Fp) and valid for operating below threshold. Lax then pointed out
that above threshold, the amplitude fluctuations of the laser are stabilized and
this is accompanied by a factor of 2 times reduction in the AvPy product [4].
Later in the seminal paper on theory of the linewidth of semiconductor lasers [2],
Henry showed that semiconductor lasers exhibit an additional broadening factor

of (1 + a?) to the original quantum noise linewidth from Schawlow-Townes-Lax

formula (where o = 22 [2]).

In semiconductor lasers, the discrete spontaneous emission events alter the
phase and the amplitude of the output optical field. This leads to the fluctuation
in the phase of the optical field, and subsequently defines the width of the optical
spectrum. Beside the abrupt phase change of the optical field after a spontaneous
emission event, the intensity change during this event results in an even larger

delayed phase change. This change is brought about by a gain change associ-
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Figure 2.1: The generation of phase noise in conventional semiconductor lasers
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Figure 2.2: The instantaneous changes of phase and intensity of the optical field
caused by a spontaneous emission event [2]

ated with the relaxation oscillation that follows the spontaneous emission event
and restores the laser intensity back to the steady stage [3]. These phase noise
generation processes are summarized in Fig. 2.1.

To briefly review the derivation for the phase noise in semiconductor lasers, we
follow the notation of Henry in [2, 3, 4]. The laser optical field can be expressed

in a complex amplitude notation as:

Elaser (t) = Re { [(t)ei(wot+¢(t))} = Re {ﬁ@int} (21)

where 8 = \/Weid’(t) is the slowly varying field, I(t) is the intensity and
¢(t) is the optical phase. We now relate the output optical spectrum G(w) with
the laser phase to derive the formula of phase noise induced laser linewidth. The
power spectral density (PSD) of the optical field is the Fourier transform of the

auto-correlation of the complex field [3]:

G<w> = / <Elaser(t)Elaser(0)> €iwtdt (22)

In this subsection, we assume that the intensity fluctuation after a sponta-

neous emission event is stabilized, i.e. the observation time is large enough for
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the relaxation oscillations to have died away. In this case we arrive at [3]:

G(W) = / elwot <eiA¢(t)> Wt dp — / eiwot6(7%<A¢2(t)>)eiwtdt (23)

where A¢(t) = ¢(t) —#(0) is the phase change (or named as phase error in the
later chapters) over the interval time ¢. The simplification has been performed in
equation 2.3 based on the justification that the phase noise ¢(t) is undergoing a
random walk process (Brownian motion), i.e. A¢(t) has a Gaussian distribution
[2, 3, 4]. We now need to derive the expression for (A¢?(t)). To do so, we pay
attention to the spontaneous emission events and their consequences.

Figure 2.2 illustrates the change in the complex amplitude of the optical field
after a spontaneous emission event. With an assumption that a spontaneous
emission event causes unit amplitude change in the optical field, the field change

Ap; can be expressed as:

AB; = eliotid) (2.4)

and the corresponding instantaneous change in phase and amplitude of the

field envelope are:

A¢; = VIsin(6;) (2.5)

AL =1+ V1 cos(8)) (2.6)

With the aid of the coupled rate equations for I and ¢, we can show that the
amplitude change AI; will lead to a subsequent delayed phase change given by

[2]:

A¢! = —%(1 +2V/1 cos(6;)) (2.7)
Here we introduce the oo = ﬁﬁz% coefficient or Henry linewidth enhancement

factor (n: refractive index). The total phase change is the sum of instantaneous
phase changes in equation 2.5, and delayed phase change in equation 2.7. After a
straightforward derivation as in [2], we can obtain the total phase change (phase
error) variance as:

R(1+4 a?)t
(ag(p) = L) (2.9
21
where R is the spontaneous emission rate. If we note the coherent time 7.
2
1 _ (a00)

- = ~—5;—* then the term eC3{A%®)) in equation 2.3 becomes e~%/™ which
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yields a Lorentzian shape of the power spectrum of the electric field (E-field). We
can then achieve the FWHM linewidth of the PSD of the optical field as:
1 Ag?(t
N L (a0 R

T, 2t - 4l

(1+a?) (2.9)

The linewidth in equation 2.9 can be rewritten in terms of output optical

power Py as [2]:

Ay vg hv g ng,
87TPO

where v, is the group velocity, g is the gain, ng, is the spontaneous emission

(1+a?) (2.10)

factor, ay, is the facet loss, and hv is the energy of the laser line.

2.1.2 Relaxation oscillation in semiconductor lasers

In the preceding subsection, in evaluating the linewidth of the E-field PSD we
made use of an assumption that the intensity-change-induced phase change oc-
curring after the relaxation oscillations have died away, i.e. we only observe the
low frequency components of the intensity fluctuation. In this section, we will
pay attention to the delayed phase change due to the high frequency components
of the intensity fluctuation, i.e. we will investigate the relaxation oscillation phe-
nomenon that follows right after a spontaneous emission event. To do so, the
delayed phase change in equation 2.7 would need to be re-written as a time de-

pendent function as in [5] (ignoring the constant phase shift component):

_acos(:)
VI

It has been proven in [5] that the new time dependent function f(¢) will take

Adff = f(t) (2.11)

the form:

T cos(Q2t — 0)
cos(0)

where (2 is the angular frequency and I' is the damping rate of the relaxation

Fit)=1 (2.12)

oscillations, the coefficient ¢ is defined as:

Q
NGIESE

Figure 2.3 depicts the function f(¢) which reflects the damped relaxation

cos(d) = (2.13)

oscillation phenomenon as discussed. Following the derivation in [5], we re-obtain

the total phase change variance:
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Figure 2.3: Function f(¢) accounts for the intensity relaxation oscillation after a
spontaneous emission event [5]. T'= 3.5 x 10%(s™!), Q = 27 x 5 x 10%(rad/s)

R

(A¢*(t)) = 57 {(1 + o)t —a

T )

2T cos(6)

As in equation 2.14, the first term on the right hand side (RHS) is identical
to the RHS of the equation 2.8 which yields the Lorentzian spectral shape of the
E-field while the second term introduces an oscillation in phase change variance
which gives rise to the subsidiary peaks in the power spectrum separated by (2.
Numerical examples of phase change variance and output optical spectrum of a
semiconductor laser accounting for Schawlow-Townes-Henry (STH) phase noise
with relaxation oscillations have been illustrated in Fig. 2.4

Another widely-used measure to evaluate the phase noise property of an os-
cillator is the power spectral density of the instantaneous frequency deviation or
FM-noise (Frequency Modulation noise). The relationship of S;(f) with phase
change variance derived above is given as [6, 7:

(AG(1)) = 4 / N Sf<f>smji—§ft)

From [6] the FM-noise spectrum of semiconductor lasers accounting for STH

df (2.15)

phase noise with relaxation oscillations will take the form as in equation 2.16,
where f, is the relaxation oscillation frequency and I" is the damping factor men-
tioned above. A calculated FM-noise spectrum of the phase noise associated with
Fig. 2.4 is shown in Fig. 2.5.

__ VsTH Oész
R L P S (VTP
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2.1.3 Flicker noise

Beside the STH phase noise, as an oscillator, the semiconductor lasers also suffer
from the ubiquitous flicker noise (or 1/ f noise). The 1/ f noise originates from the
environmental factors that alter the underlying lasing frequency. This low fre-
quency noise noticeably enhances the total laser phase noise that in turn increases
the total phase change variance as well as broadening the PSD of the optical field
[7, 8, 9]. In contrast with the STH phase noise derived in equation 2.10, the 1/f
noise is power independent (because it does not arise from the coherent addition
of the spontaneous emission to the laser field) and results in a residual linewidth
even at very high output optical power [8]. The FM-noise spectrum in equation
2.16 could be modified to account for the low frequency flicker noise as [7]:
Sp(f) = Db sy o’y
f m (fF =122+ (Lf/2m)

where the coefficient K defines the level of 1/f noise contribution in the

(2.17)

total phase noise of the semiconductor laser. A numerical example of the FM-
noise spectrum is shown in Fig. 2.6a where the coefficient K; = 2 x 10'?(Hz?)
and the STH phase noise were kept similar to Fig. 2.5. The obvious effect of
phase change variance enhancement could be confirmed as in Fig. 2.6b where the

observation time is sufficiently large.
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2.2 Phase noise in multi-section monolithic tun-

able lasers

In the preceding section, we have reviewed the phase noise processes in a semicon-
ductor laser with one single active section. As mentioned in the previous chapter,
the main concern of this work are monolithic multi-sections tunable lasers, espe-
cially the DBR-style lasers employing grating tuning mechanisms. These types
of lasers consist of passive sections to perform wavelength tuning that subse-
quently generate additional phase noise components to the phase noise processes
presented in section 2.1.

In this section, we describe the entire FM-noise spectrum of monolithic tun-
able lasers by employing simple analytical models for the dynamic response for
each of the phase noise generating mechanisms. Based on an example of ex-
perimental FM-noise measurements, we perform a complete analysis of the FM-
noise spectrum identifying the following contributions: the traditional Schawlow-
Townes-Henry phase noise including the resonance-enhanced FM noise [5]; excess
FM noise at low frequencies (also termed 1/f“ noise); and a filtered FM noise
contribution arising from stochastic carrier generation and recombination in the
passive tuning sections. The latter is a feature of DBR-style lasers because unlike
the carrier density in the gain section, the carrier density in the passive tuning
sections is not clamped. The spectral profile of this contribution to the FM-noise
spectrum correlates well with the FM-dynamics of the passive sections [9, 10].
We extend the analysis to the 4-section sampled-grating DBR lasers. The per-
formance of coherent systems can be predicted by knowledge of the phase error
variance (phase change variance). Accurate and predictable knowledge of the
entire FM-noise spectrum would be invaluable for the development of any laser
phase noise tracking or suppression techniques for coherent optical systems [7].

We now analyze the FM noise of the Sample-Grating Distributed Bragg Re-
flector laser. A schematic of the SG-DBR laser is given in the inset of Fig. 2.7
indicating the gain region and the three passive tuning sections. The principle of
operation of the SG-DBR laser, and other types of DBR-style tunable lasers, is
given in [9]. The SG-DBR laser consists of four separate sections: (1) the Gain
section providing optical amplification; coarse wavelength tuning is achieved with
two sampled DBR grating sections at the (2) Back section and (3) Front section ;
fine wavelength tuning is provided by (4) a short passive Phase waveguide section.
The output wavelength can be changed by varying the carrier densities (via the
injection current) in each of the tuning sections. The Front and Back sections

act as two passive optical mirrors with slightly different power reflection spectra,
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Figure 2.7: Measured FM-noise spectrum of an SG-DBR laser. The pieces from
the different sampling rates are shown. The insert is a schematic of the 4-section
SG-DBR laser.

exploiting Vernier tuning [9], to select the lasing mode. The fine wavelength tun-
ing function of the selected lasing mode is performed by electrically tuning the
short passive Phase section.

We begin by observing the measured FM-noise spectrum of the SG-DBR
laser. Here we employ the delayed-self homodyne (DSH) method with a coherent
receiver and real-time sampling described in [7]. The phase noise characterization
methods will be extensively presented in the next chapter. The sampling rate is
adjusted from 100 MSa/s to 80 GSa/s to accurately construct the entire FM-noise
spectrum from 6 kHz to 10 GHz. Figure 2.7 shows an example measured FM-noise
spectrum of an SG-DBR laser with the various FM noise contributions indicated.
It can be seen that the typical STH FM-noise (STH phase noise) can be inferred
from 500 MHz out to 10 GHz, with the minimum value of 4.5 x 10°Hz?/Hz
corresponding to the laser intrinsic linewidth (full width half-maximum when
measuring the spectrum of the laser electric field using the DSH technique, and
assuming only white FM-noise) and a relaxation oscillation peak at around 5 GHz.
There is additional low frequency noise below 400 MHz including the filtered FM
noise and the excess FM noise (below 200 kHz). The rising edge towards high
frequencies (dash-red curve) is an artifact of the measurement technique due to
differentiated additive white Gaussian noise (AWGN) from the receiver. It should
be noted that the AWGN is present in all receivers and thus indispensable when
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analyzing any coherent system.

We begin our analysis by deriving the spectral response of the FM-noise con-
tribution due to stochastic carrier generation in the passive sections. The spectral
shape of the filtered FM noise from 200 kHz to 400 MHz displays a lowpass re-
sponse and we will show that this is directly related to the dynamics of the carrier
density in the passive sections. The carrier density rate equation in the passive
sections [9, 10] is given by:

%it) = % — lanN(t) + by N*(t) + exN*(t)] + Fn (1) (2.18)

where N(t) is the carrier density and () is the injected current; ay, by and

cy are non-radiative, bimolecular radiative and Auger recombination coefficients,

respectively. Fy(t) is a generalized Langevin force term accounting for stochastic

carrier recombination and generation in the passive sections. The random current

fluctuation on the tuning section can be modeled as I(t) = Iy + AI(t). Iy is

the average current and its small fluctuation, AI(t), is taken to possess white

Gaussian statistics. Both Fiy and Al induce fluctuations in carrier density about

a quiescent value Ny, which is the steady-state carrier density under injection
current Iy. Ny and [ are related by:

1o 2 3 _

q_V —anyNy —2by Ny — 3cyNy =0 (2.19)

We make the valid assumption that the magnitude of AN(t) < Ny, allowing
us to linearize equation 2.18 by retaining terms that are first-order in AN and
normalizing with respect to Ny to yield An(t) = AN(t)/Ny as follows:

dAn(t)  AI(t) o Fy(t)
= - A 2bn N, N, 2.2
d qVNO n(t)(aN + bN 0 + 3CN 0) -+ No ( 0)

Combining AI(t)/qV Ny and Fy(t)/Ny into a single Langevin force term
Farn, noting that 8 = ax + 205Ny + 3cy NG, taking the Fourier transform

of equation 2.20, and re-arranging we obtain
An(w) 1
FAI,N<W> B + 1w
which describes a first-order lowpass filter whose 3 dB bandwidth is 5. The

normalized carrier density fluctuation An(w) in the tuning section leads to the

(2.21)

fluctuation in the effective refractive index which in turn induces variations in the
laser emission frequency Af(w) as the carrier dynamics are on longer timescales
(tens of nanoseconds) than a few laser cavity round-trip times (tens of picosec-

onds). As Farn(w) is assumed to possess a uniform spectrum induced from
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Gaussian noise, the shape of the spectral content of A f(w) will be proportional
to the form of the lowpass filter given by the right hand side of equation 2.21. In
other words, the FM-noise contribution from the passive section is proportional

to:

1

—_ 2.22
b? + w? ( )

Sp(w) =

where b = 8 = any + 2byNy + 3cNNO2 is the cut-off angular frequency of
S¢(w). The simple expression in 2.21 agrees well with the FM-noise spectrum
derived in [9]. We now can estimate the cut-off frequency of the lowpass model
St(w) for the filtered FM noise induced from the tuning section. For example,
given the phase section structure of the SG-DBR laser in [11] with: length =
80 pum, width — 3 pm, waveguide thickness — 0.35 pum, the typical value for
recombination coefficients: ay = 0.5 x 10%(s7!), by = 1 x 107(m3s71) and
cy = 1.3 x 107*(m%s™1), a phase section current of 8mA will yield a cut-off
frequency, feut—off, of 95.6 MHz. Figure 2.8 shows that the cutoff frequency
increases exponentially when reducing the section length. In the particular case
of SG-DBR lasers, the phase section is much shorter than the grating sections
(Front and Back), which explains why the excess noise mostly comes from the
phase section as observed in [12|. For the case of multiple tuning sections in
SG-DBR lasers, the entire filtered FM noise will be the summation from all the
passive sections [9].

In summary, for semiconductor lasers the entire FM-noise spectrum can be

described as:

oz2f7fl 12 3 2
m (fﬁ—f2)2+(Ff/2ﬂ)2} - (f f2) *,;b TP
(2.23)

The first term represents the complete STH phase noise including relaxation

oscillation presented in equation 2.16, the second is the excess FM-noise and the
third is the filtered FM-noise from the passive tuning sections and can be omitted
for lasers without passive tuning sections. The FM-noise spectral shape of the
STH phase noise is determined by the carrier density relaxation oscillation in
the aftermath of a random spontaneous recombination event and represents the
complete treatment of the line-broadening of semiconductor lasers due to spon-
taneous emission as discussed in previous sections. The relaxation oscillation
shapes the FM-noise spectrum above 1 GHz; we illustrate this using representa-
tive values of f, = 5GHz and I' = 9 x 10°s7!. The second term in equation 2.23
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accounts for the excess FM noise 7] with f; and f; being the break frequencies
of flicker noise (briefly discussed in the preceding section, where K; = Sy f1) and
frequency random-walk noise, respectively. Especially, in SG-DBR laser, these
two types of FM-noise have significant contributions in the total phase noise. We
will discuss in more details these two important 1/ noise processes in the next
chapter. To our knowledge, the origin of the 1/f* noise processes is unclear.
It would be complicated to theoretically relate the flicker noise and frequency
random-walk noise to laser physics in this work. Figure 2.9 shows example calcu-
lations from the analytic FM-noise models for an SG-DBR laser. The STH phase
noise follows a Wiener process or phase random-walk process (noted as Wiener
phase noise and has a value of Sy = 2 x 10°H 2%/ Hz) sets the baseline FM-noise
floor. We incorporate the lowpass model for the passive sections with coefficients:
by = 2m x 95.6 x 105(rad/s), by = 27 x 30 X 10%(rad/s), by = 2w x 10 x 10%(rad/s),
a;p = 4.5 x 10" (HzVHz), ay = 2 x 10" (Hzv/Hz), a3 = 1 x 10" (Hzv/Hz) and
the excess noise with the coefficients: f; = 500kH z, fo = 100kH z.

2.3 Summary

In this chapter, the theory of phase noise in the semiconductor laser has been re-
viewed. Beside the quantum noise limit, in semiconductor lasers, the additional
coupling between the intensity fluctuation and phase fluctuation after the sponta-
neous emission events will also broaden the laser linewidth. The important Henry
linewidth enhancement factor and relaxation oscillations in semiconductor lasers
have been re-derived. In addition, the semiconductor lasers also exhibit the flicker
noise (1/f noise) as for other kinds of oscillators. Finally, the monolithic tunable
lasers with passive tuning sections employing grating tuning mechanism demon-
strate more additional phase noise processes including: random-walk frequency
(1/f? noise) and filtered FM-noise.

Subsequently, to measure the phase noise of semiconductor lasers, we would
need some efficient and highly accurate phase noise characterization methods.
The next chapter will investigate the proposed phase noise measurement methods.
The measurement results on phase noise of different type of lasers, especially the

SG-DBR laser, will also be extensively analysed.
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Chapter 3

Laser Phase Noise Characterization

Techniques

As discussed in the previous chapters, advanced optical modulation formats which
offer high spectral efficiency are being increasingly developed for Dense Wave-
length Division Multiplexing systems [1, 2]. Various modulation schemes such as
Quadrature Phase Shift Keying [2] and Quadrature Amplitude Modulation [1, 2|
with digital coherent receivers have attracted attention recently as potential can-
didates for next generation optical networks. In coherent optical communications
the phase noise of semiconductor lasers has been identified as a crucial char-
acteristic that affects the system performance [3, 4]. This has led to extensive
measurement efforts to determine the phase noise characteristics of lasers for
transmitters and local oscillators in these systems [5, 6, 7, 8|.

In this chapter, we extensively investigate the phase noise in semiconductor
lasers. The analytical basis of the phase noise measurement methods including
a novel Delayed Self-Heterodyne using Phase Modulation Detection (DSH-PM)
technique, and the conventional Delayed Self-Homodyne using coherent detection
technique, will be firstly derived in section 3.1. Section 3.2 will explain the experi-
mental setups to perform these phase noise characterization methods. Employing
the proposed DSH-PM method, the phase noise measurement results of different
types of semiconductor lasers will be extensively analysed in section 3.3. Finally,

section 3.4 will conclude the chapter.

3.1 Laser phase noise characterization methods

Among the various measurement techniques for phase noise characterization, the
Delayed Self-Heterodyne method has been widely employed to determine the

laser linewidth from the full-width half-maximum of the electrical spectrum of

44



the modulating carrier frequency |7, 8]. However, as it only measures the 3-dB
linewidth, conventional self-heterodyne measurements can not fully characterize
the laser phase noise [5, 7]. This conventional method fails to distinguish the
individual contributions of different phase noise processes. In modern coherent
optical communications systems, where the phase of the optical field is used to
carry information, the need for detailed understanding of the different phase noise
processes in semiconductor lasers becomes important. Recently, we proposed a
novel technique for phase noise measurements using the Delayed Self-Heterodyne
method with Phase Modulation detection [9]. The proposed technique can de-
termine the differential phase coherently, thus allowing a more complete charac-
terization of the phase noise for different lasers. In this section, we review the
analytical model for the proposed method and compare it with the conventional

Delayed Self-Homodyne method employing coherent receiver.

3.1.1 Analytical Model for Delayed Self-Heterodyne method

using Phase-Modulation detection

In this sub-section, we review the theoretical basis of the Phase Modulation (PM)
detection for the Delayed-Self Heterodyne method as shown by the block diagram
in Fig. 3.1a. The main idea of the proposed measurement method is as follows.
The light from the semiconductor laser will be split into two paths, one path
will be sufficiently delayed (to de-correlate between the two E-fields), while the
other path will be modulated by an optical phase modulator. By looking at both
the first and the second harmonics of the detected signal after the two optical
paths are recombined, we can coherently recover the full-field information of the
differential electric field combined from the two paths.

The electric field of the optical output from a single-mode laser can be ex-

pressed in complex notation as:

E(t) = /Py + AP(t) x lleotton®)] (3.1)

where Py + AP(t) is the optical output power, wy is the angular optical fre-
quency and ¢,(t) is the laser phase noise. The incident E-field on the photo-

detector can be written in terms of the delayed and phase-modulated signals:

1 o
E(t) = 3 [VE(t — T) — B(t) x e/lsinwettoo)l]
= %E(t) [fyefj[onwn(t)fdm(t—T)] _ ej[bsin(wctwc)}] (3.2)
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Here 7 is the splitting ratio between the two arms, 7" is the delay of the fiber
spool, b is the PM index, and w,., ¢. are the modulating carrier frequency and
phase of the driving signal at the phase modulator input, respectively. The neg-
ligible intensity fluctuation of a single-mode laser operating well above threshold
is assumed to be unchanged over the delay time so that AP(t — 1) = AP(t).
The output electrical current from the photo-detector having responsivity R is
proportional to the intensity which is itself determined by the slowly varying

envelope of the incident field (or the lowpass component of the crossing term):

ipa(t) = R x E(t)E;(t)
YR [Po + AP(t)] y
2
(1+1%)
2y

(3.3)

— c08 [woT + ¢ (t) — Pu(t —T) + bsin(w.t + ¢c)]

Ignoring the DC term (which can be cancelled by means of a DC-Block or

balanced photo-detectors) and expanding the second term in equation 3.3 with

Adu(t) = ¢n(t) — ot = T):

ipa(t) = _IRIR JQF AP()] cos [woT + A, (t)] cos [bsin(w.t + ¢.)]
LRI+ AP()

2

sin [woT" + Ay, (t)] sin [bsin(w.t + ¢.)] (3.4)

Recall the Bessel coefficient expansions:

cos [bsin(wet + ¢o)] = Jo(b) +2 Y Ti(b) cos [k(wet + ¢c)]
sin [bsin(wet + ¢o)] = 2 Y J(b)sin [k(wet + )] (3.5)

where Jj(b) is the Bessel function of the first kind with integer order k. The
in-phase component [(t) = cos [A¢,(t) + woT] and quadrature component Q(t) =
sin [A¢,(t) + weT] of the differential phase noise A¢,(t) (plus a constant phase
offset woT ) can then be found at even and odd harmonics of the photo-detector
electrical signal in equation 3.4. In particular at the first and second harmonics

they are given by:
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iU () = ZUOVR [Py + AP()] Q) sin(wet + )

)W) = ~BBR P+ APW] I cos 2wt + 6] (3.

Notice that the in-phase component can also be found from the base-band

term as:

(1) = — S TR [Py + AP(1)] 1(1) (37)

Assuming that the intensity noise AP(t) is negligible, equations 3.6 show that
ipa(t) can be coherently demodulated to recover the differential phase noiseAg,, (t).
In off-line DSP, the captured data of i,4(t) are demodulated by — cos [2(w.t + ¢.)]
and sin(w.t + ¢.). A simple carrier phase recovery algorithm estimates ¢, prior
to demodulation. The phase recovery was implemented by sweeping the carrier
phase from 0 to 27 and selecting ¢. so that it maximizes the root-mean-square
(rms) value of the demodulated signal. The low-noise and stable microwave sig-
nal generator in our experiment obviates the need to track ¢. over the sam-
pling period. Notice that the modulation index b should be adjusted so that
J1(b) = Ja(b), or b~ 2.63, for balanced I/Q outputs.

The phase noise analysis evaluates (i) E-field power spectral density (PSD),
(ii) phase-error variance, and (iii) FM-noise spectrum [5|. Due to the nature of
the self-heterodyne method, these measures will be twice the actual values of the
laser linewidth. Thus, for example, the estimated 3-dB FWHM linewidth, of the
laser is one-half of the 3-dB FWHM bandwidth of the one-sided PSD measured at
the first or second harmonic of the modulating carrier. The phase-error variance

over a time interval 7 can be determined from the measured phase noise as:

oap(1) = ([Ada(t) — Adu(t — 7))
= <{[¢n(t) — Ou(t —=T)] — [t = T) — Pu(t — T — T)]}Q
= {[pn(t) = dult = 7)) = [ba(t = T) — Gt = T — 7))}

= aao(1) = 2([¢n(t) — Gu(t — 7)]*) = 203(7) (3-8)

for 7 < T, and sufficiently large T" so that ¢,(t) and ¢, (t —T') are statistically
uncorrelated. The phase-error variance of the laser, 03 (1) = ((¢n(t) — ¢n(t — 7))?)

is thus one-half of the differential phase-error variance, o3 (1), determined from
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Figure 3.1: Experimental setups for self-heterodyne PM detection method and
self-homodyne optical coherent receiver method

the self-heterodyne (or self-homodyne) measurements. If the laser phase noise
was ideally described by a random walk process, the phase-error variance as de-
termined from equation 3.8 would increase linearly with 7 and the slope from a
linear fit to the measurements will be given as 27(2Av). The FM-noise spectrum
is defined as the PSD of the instantaneous frequency which can be obtained by
differentiating the phase noise. The estimated 3-dB linewidths from the FM-noise

spectra could be determined from the white noise region, Sy, of the measurements:
Av =m(Sy/2) |6].

3.1.2 Analytical Model for Delayed Self-Homodyne method

with optical coherent receiver

In order to evaluate the PM detection technique, we have also carried out delayed
self-homodyne measurements with an optical 90° hybrid as illustrated in Fig. 3.1b
and Fig. 3.2. The fundamental functions of the optical 90° hybrid can be found
in, for example, reference [2]. The basic idea of this measurement method is that:
the light from the semiconductor laser will be split into two paths and one path
will be sufficiently delayed as in the previous DSH-PM method; however the other
path will not be modulated and the two de-correlated E-fields will directly enter
the optical 90° hybrid; finally the full-field information of the differential electric
field will be recovered from received baseband signal.
The E-fields at the inputs to the 90° hybrid in Fig. 3.2 are:
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Figure 3.2: Delayed self-homodyne method for phase noise characterization with
optical 90° hybrid

Ep(t)
EL(t)

1 | yE(t) x e dloT+én(t)=¢n(t=T)]
V2 JE(?)

where Ep(t) and Ep(t) denote the E-field of delayed arm and through arm,
respectively. The E-field transfer matrix of the 90° hybrid [2] can be expressed

(3.9)

- [ Bi(t) ] (1 1 ]
B0 | _1| 1 -1 [ Bo() 510
Es(t) 211 —j Ep(t)
| Eu(t) | 1 J ]

where Fy_4(t) are the incident E-fields to the four photodiodes. The output

electrical currents from the two upper photo-detectors are:

L) - ’VR[POZAP(t)] {(L;f) +cos [WOT - AG () +g]}
L) - ’VR[POZAP(t)] {(1;72> o [WOT - AG () +g]} (3.11)

The output current on the upper balanced photo-detector can then be ex-

pressed as:

YR[Py 4+ AP(t)]

Ioft) = Bit) = Li(t) = T2

sin [woT + A¢,(t)] (3.12)
The output current on the lower balanced photo-detector can be determined

in a similar fashion to yield:

YRIPy + AP(t)]
2

Thus, the in-phase and quadrature components of the differential phase noise
Ag,(t) can be obtained with self-homodyne method as shown by equations 3.12
and 3.13. The phase noise analysis is then carried out for the captured I/Q data
to determine the E-field PSD, phase-error variance and FM-noise spectrum as

described previously.
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3.2 Experiment setup for phase noise measure-

ments

The initial experimental setup for phase noise measurements with the DSH-PM
technique is shown in Fig. 3.1a, in which the laser under test was optically
isolated and then split into two arms by a coupler. The delayed arm was a 12 km
SMF fiber spool which is equivalent to a delay, T', = 60us. The other arm went
through a phase modulator driven by a 2 GHz signal generator. The light from
the delayed and phase modulated arms were recombined via a second coupler.
An 11 GHz photo-detector with an integrated transimpedance amplifier (TTA)
detects the incident light from the coupler output. An Agilent real-time scope
captured the TTIA output signal at 20 GSa/s for 200K samples that were then
fed into a computer for post-processing as shown in the DSP-offline block in Fig.
3.1a. The signal generator output was amplified to 19 dBm to provide sufficient
drive (PM index b) to the modulator in order to achieve equal powers at the first
and second harmonics on an RF spectrum analyzer, as indicated by the inset in
Fig. 3.1a.

Figure 3.1b shows the experimental setup for the delayed self-homodyne phase
noise measurement. The delayed arm employs the same 12 km fiber and the two
arms are now fed into a 90° hybrid. The optical outputs of the hybrid were
detected by a pair of 30 GHz balanced receivers with integrated TIAs. The real-
time oscilloscope captured I and QQ output signals from the balanced receivers for
post-processing. In both methods, the lasers under test were biased well above
their respective threshold currents.

To fully characterize the phase noise of semiconductor lasers, we simultane-
ously use three measures: the power spectral density of the electric field, the
phase error variance o7(7) where 7 is the delay time interval, and the FM-noise
spectrum as discussed in the previous chapter. The relationship between the

three phase noise measures can be summarized in Fig. 3.3 and table 3.1 [5].

3.3 Phase noise measurement results for semicon-

ductor lasers

Employing the measurement experiment setup presented in the previous section,
we carried out extensive phase noise characterizations of different kinds of semi-
conductor lasers. In this section, we report experimental results of phase noise
analysis for: distributed feedback lasers (DFB), external cavity lasers (ECL), and
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Figure 3.3: Relations between the complex E-field F(t), the phase error (phase
difference) A¢,(t), the field spectrum S(f), the FM-noise spectrum S¢(f), and
the phase-error variance o7(7) [5].

Equation number ‘ Equation ‘
(1) S(f) = (FIEW])
(2) A¢.(t) = ¢(t) — o(t —7)
3) 73] = (AF(0)
(4) Smf(f) =4 [Lﬂ”ﬂ
(5) r) =4y [ ] Sf§f>df
(6) S(f) = F [ep(-Z)

Table 3.1: Equations for Fig. 3.3, F[| represents the Fourier transform, and (x)
is the ensemble average [5].
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especially, the four-section SG-DBR laser. The measurement results of the con-
ventional DFB laser from the two phase noise characterization methods are also
used to evaluate the accuracy of the proposed DSH-PM method. The feasibil-
ity of these lasers in coherent optical communications applications will also be

discussed.

3.3.1 Phase noise measurements of Distributed Feedback

lasers

Figure 3.4 shows the results of the DFB laser phase noise analysis using the
DSH-PM and the self-homodyne methods. For each method, the results were
obtained by analyzing the PSD of the received E-field, phase-error variance and
FM-noise spectrum. For the PM detection method, the one-sided PSD of the
E-field at the first harmonic (2 GHz) in Fig. 3.4a yields an estimated 3-dB
linewidth of 6.5 MHz. Figure 3.4c plots the measured phase-error variance over
a 50 ns time interval to determine a linearly fitted linewidth Av of 6.7 MHz.
This estimate is consistent with the result from the PSD and demonstrates the
random walk in phase characteristics of DFB lasers. The FM-noise spectrum is
plotted in Fig. 3.4e showing the white FM noise characteristics which correspond
to a random-walk phase fluctuation with a 6.4 MHz linewidth, Av. The high
frequency response is due to low-pass filtering the spurious harmonics of the
PM carrier frequency at 2, 4, 6 and 8 GHz using a low pass filter with a 3dB
frequency of 900 MHz. The PM frequency could be increased should higher
frequency characterization be desired.

The estimated linewidths Av using the coherent receiver from Fig. 3.4b, Fig.
3.4d and Fig. 3.4f were 6 MHz, 5.9 MHz, 5.7 MHz, respectively. The FWHM
3dB linewidth was estimated from the single-sided PSD of the received E-field
in Fig. 3.4b by measuring the spectral width at 10 dB down, and then dividing
the measured value by 3. The estimated linewidths Av from the phase-error
variance and FM-noise spectrum in Fig. 3.4d and Fig. 3.4f were calculated in a
similar manner with the PM detection method. The above results of the DFB
laser phase noise measurement show good agreement between the 3-dB linewidth
estimates from the E-field PSD, phase-error variance and FM-noise spectrum for
the DFB laser. The self-heterodyne method with PM detection and the self-
homodyne method with optical coherent receiver results are within about 15% of
one another and experimentally validate the proposed method.

In contrast to the advantages of a simple, cost effective measurement setup,

the proposed self-heterodyne method with PM detection has some limitations
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in terms of the requirement for higher electrical bandwidth receiver and sam-
pling rate of the scope, compared with the conventional delayed self-homodyne
method, to observe the same frequency range. Recently, with the development in
photonic integration, the cost and complexity of the fully coherent receiver has
been reduced significantly. The conventional delayed self-homodyne method has
manifested itself as a favorite characterization method with improved accuracy
compared with the delayed self-heterodyne method with PM detection.

Besides the white-FM noise, the DFB lasers also experience the low frequency
flicker noise as discussed in the previous chapter. Figure 3.5a shows the FM
noise spectra 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 have
been plotted in Fig. 3.5a are in good agreement with each other and correspond
to an intrinsic linewidth of 6 MHz from the white noise region Sy = (Av/7) = 6 x
10%/7[H2?/H?z], and to very low frequency flicker noise with K; = 1.5 x 10" [H 2?]
or fi = K1/Sy = 785K Hz. The measured phase-error variances from the two
methods are in good agreement with each other and also with the analytical
models as in Fig. 3.5b over the 50 ns delay interval. The analytical models
will be derived in details in the subsection 3.3.3.1. We also performed numerical
integration of FM-noise PSD to achieve the phase error variance as in Table 3.1
( with the lower and upper frequency limits of the measurement: f; = 1KHz
and fy = 10GHz ) using Gaussian quadrature method to validate the analytical
results in Fig. 3.5b. The phase noise analysis for the DFB laser confirms that the
white FM noise yields linear phase-error variance as determined by the intrinsic
linewidth over short delay intervals that are less than 50 ns. The variance deviates
from linearity [5] due to the flicker noise and has moderate quadratic dependency
when observed over a longer delay interval. The flicker noise of the DFB laser

thus would only affect the performance of low baud-rate systems.

3.3.2 Phase noise measurements of External Cavity lasers

In contrast with DFB lasers, the ECL has additional random-walk frequency
fluctuation [7, 9]. This low-frequency noise behavior could be observed in Fig.
3.6 with the DSH-PM method at the reduced sampling rate of 20 MSa/s. The
phase variance in Fig. 3.6c¢ deviates significantly from linearity over the 50us
delay interval. A polynomial fit to the variance in Fig. 3.6¢ yields the asymptotic
slope at zero delay that corresponds to Av ~ 130kHz. The FM-noise spectrum
in Fig. 3.6d shows 1/f? noise below 6 kHz that corresponds to a random walk in
frequency, in addition to the dashed line approximation to the white FM noise
that corresponds to Av ~ 168kH z.
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In comparison the 3-dB linewidth estimate from the PSD was nearly twice as
large at 350 kHz due to random-walk fluctuation of the optical carrier, as shown by
the PSD in Fig. 3.6a, and by the broadening of the averaged electrical spectrum in
Fig. 3.6b. The PSDs in dash line presented in Fig. 3.6a were examples of random-
walk moving Lorentzian spectral with Av ~ 168k H z. Similar measurements with
the coherent receiver have yielded linewidth estimates of 150 kHz, 155 kHz and
300 kHz that have been determined in the same manner from the phase-error
variance, FM-noise spectrum and E-field PSD. In conclusion, the E-field PSD of
an ECL overestimates the linewidths that have been determined from the phase-
error variance and FM-noise spectrum because the phase noise deviates from the

ideal random walk model.

3.3.3 Phase noise measurements of multi-section monolithic

tunable lasers

As discussed in the previous chapter, the SG-DBR monolithic tunable laser ex-
hibits additional filtered FM-noise, flicker noise (1/f noise) and random-walk
frequency noise (1/f? noise). Especially, from the experimental observation, the
contribution of 1/f noise and 1/ f? noise to the total phase noise in the SG-DBR
laser is significantly important . In this subsection, before analyzing the phase
noise characterization results of the SG-DBR laser, we firstly derive the analyti-
cal model for phase error variance (07(7)) from the FM-noise spectrum including
white-FM noise, the flicker noise and random-walk frequency noise [10]. This
model is useful for the discussion on the measurement results in the next subsec-
tion. The phase-error variance is also the widely used measure to evaluate the

ultimate BER performance of the coherent communications systems [4].

3.3.3.1 Analytical expression for phase-error variance

The phase noise processes of a semiconductor laser may consist of white FM-
noise, flicker noise and random-walk noise so that the FM noise spectrum of the

laser can expressed as follows [7, 10]:

_g K K ho (BY
Sf(f)—So+f+f2 So 1+f+(f)] (3.14)

where fi; = K1/S0, fo = \/K2/So. Here S¢(f) is the FM noise PSD, S is the

uniform PSD of the white FM noise, f; and f5 are the corner or break frequencies

of the excess flicker 1/ f noise, and random-walk 1/ f2 FM noise, respectively. The

measured phase-error variance of the laser can be re-expressed as:
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fu sin®(mwfr
sy =4 [ 5= 5
fr

where f;, and fy are the lower and upper frequency limits of the measurement

df (3.15)

system. Replacing S;(f) with equation 3.14 and substituting x = 7 f7, equation

3.15 can be rewritten as:

TU 12 Ty Lia2 Ty 2
02 (r) = dnSyr [/ sin xdx+x1/ sin xdx+x§/ Slz—4xdx] (3.16)

2 3
L xr L x L

The analytical formula for the phase-error variance can be obtained by per-
forming the respective integrations of the white, flicker and random-walk FM
noise terms in equation 3.16. The first integral corresponds to white FM noise

and can be integrated by parts to yield:

I - /J”U Sinzxdx _ _sian T N /xU Siand:L‘ (3.17)
e r |, . T
L
" sin? x|V YU sin y
x xr yL y

where y = 2x. As x;, approaches zero and xy goes to infinity, the first term in
equation 3.17 vanishes and the second term can be expressed as the sine integral
function Si(.), Si(x) = [; 22tdt, which converges to 7/2 so that:
L~_l (3.19)
2
The second integral in equation 3.16 corresponds to flicker FM noise and can

be integrated by parts twice as follows.

U gin? x sin? x|V U gin 2z
Ty, L
or:
2 TU : Ty
sin® x sin 2z YU cos
L=-21 - + Yy (3.21)
2x 2x Y
xr X YL

As xy approaches zero and xy goes to infinity, the first term converges to
1/2 and the second term converges to 1. The third term in equation 3.21 can be
written in terms of a cosine integral function Ci(.). So the phase-error variance

of the flicker noise is given by:
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I, =15+ Ci(2n fyr) — Ci(2mw frT) (3.22)

The third integral in equation 3.16 corresponds to the random-walk FM noise

and can be integrated by parts repeatedly as follows.

U gin? x sin? x|V U sin 2
Is = —dr = - + 5 dx
ey T 32 |, I 1
I sin?z ™ sin2z|"Y cos2x |tV 2 /IU sin Qxd (3.23)
3= — — - —— T )
3 2
3% |, 6% |, 3z |, 3/ x

When x approaches zero and xy goes to infinity, the first term approaches
1/3xy, the second term approaches 1/3xy, and the third term also approaches
1/3zy. The last term is again the sine integral which converges to (2/3)(n/2) =
/3.

3 2 1 s
Jo— — 20 - 3.24
3 3ry, 6 wfrt 3 ( )

Together equations 3.19, 3.22 and 3.24 yield the expression below for the

phase-error variance:

1 T

wfyr 3
(3.25)

Finally, with Sy = Av/7, the formula for the phase-error variance is as below:

0;(7’) = 47 Syt [g + (rfi7) [1.5 + Ci(2n fur) — Ci(2n fL7)] + (7 fo7)?

o

|

02(7') = 2rAvTt [1 + (2f17) [1.5 + Ci(2n fyT) — Ci(2m fr.7)] + (—) (2for) — %(Wf27->2:|

fr
(3.26)

From equation 3.26, we can observe that the white FM, or Wiener, noise
process would yield perfectly linear phase-error variance: aé (1) = 2wAvrt for f; =
f2 = 0. The flicker FM noise would yield quadratic phase-error variance due to
the second term that involves (f;7). In low-noise oscillators the corner frequency
for random-walk noise, f5, would normally occur well below flicker noise: fo < fi.
That is, flicker noise is more dominant and the effects of random-walk FM noise
(the last two terms) could be safely ignored. For example, flicker noise is prevalent
in DFB lasers where the (moderately quadratic) deviation from linear phase-error
variance has been observed [5, 15]. However, in the next subsection, we will show
that this is not the case with SG-DBR lasers where random-walk FM noise has

been found to be prevalent [11]. Random-walk excess noise that is dominating,
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i.e., fo > f1, would yield strongly quadratic phase-error variance due to the
third term in equation 3.26 that includes (fo7). Notice in this case that there is
also a comparatively weak cubic dependency due to the last component, (fo7)?,
that would be significant over a longer interval such that wfo7 > 1.

We conclude from equation 3.26 that the excess flicker and random-walk FM
noise will not affect low baud rate systems if the symbol duration T is sufficiently
short such that

2AT) (154 Ci(2nfuT) — Ci(2w fLT)] + (%) (2f2T) — %(ngT)Q] <1

It is clear from equations 3.16 and 3.26 that o7(7) does not converge if f, = 0
with excess noise. It stands to reason that in practice f;, > 0 for finite mea-
surements of the phase-error variance since the duration of the observations and
measurements is necessarily finite, and an estimate of f; can be determined from
the finite model for 03(7'). This also suggests that the low frequency limit of a
digital coherent receiver could affect the system performance in the presence of

excess laser phase noise.

3.3.3.2 Experimental results

We employed a four-section (gain, front, back and phase sections) tunable laser
that can be quasi-continuously tuned over the C-band. The phase noise of the
SG-DBR laser has been reported to consist of (i) white FM-noise from around 1
GHz to less than 6 GHz, (ii) low frequency excess noise at below a few hundreds
MHz and (iii) high-frequency relaxation oscillation at approximately 6 GHz [11,
12, 13]. We have performed the measurements with the PM detection technique
to characterize the phase noise of the SG-DBR laser so that the performance of
coherent optical communication systems employing these tunable lasers could be
determined. We note that the relaxation oscillation could also be observed with
the PM detection method by increasing the modulating carrier, which is 2 GHz
in this work, beyond the relaxation frequency.

Figure 3.7 shows the results of the phase noise analysis for the SG-DBR laser
when biasing the gain section only (at 100 mA), with the tuning sections termi-
nated. The PSD of the E-field at the first harmonic shows an estimated linewidth
of 5.5 MHz in Fig. 3.7a, while the phase-error variance and the FM-noise spec-
trum in Figs. 3.7c and 3.7e deviate from the ideal white FM noise model. The
FM-noise spectrum in Fig. 3.7e has not only a white noise region that corre-
sponds to a 300 kHz linewidth, but also excess 1/ f noise below 200 MHz [11, 13].
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The phase-error variance is thus no longer linear as shown in Fig. 3.7c, where the
slope at the origin has been approximated by the dashed line using the estimated
300 KHz linewidth from Fig. 3.7e.

The PSD that has been plotted in Fig. 3.7e yields an FM noise model with
an intrinsic linewidth of 300 kHz from the white noise region, Sy = Av/m = 3 x
10°/7[Hz?/Hz], and the flicker noise with K; = 4.5 x 10"?[Hz?] or f; = K;/So =
47.1 M Hz. Figure 3.7c plots the analytical phase-error variance determined by
equation 3.26 from the FM noise model as well as the numerical integration result
of equation 3.15 using Gaussian quadrature method. The results again show a
strong agreement between the analytical model and the experiments as shown in
Figs. 3.7c and 3.7e.

The excess noise also broadens the observed linewidth [14, 15, 16] of the E-
field PSD, shown by Fig. 3.7a. The degree of linewidth broadening is largely
determined by its break frequencies [16]. The FM-noise spectrum in Fig. 3.7e
shows a break frequency near 50 MHz. As a result, the linewidth of the SG-DBR
laser was significantly broadened from 300 KHz due to white FM noise (primarily
from spontaneous emission in the active region) to 5.5 MHz due to the presence
of excess noise. In terms of device structure, the SG-DBR laser differs from a
DFB laser in that it has separate, passive tuning sections. Thus, besides the
injection-recombination shot noise that results in excess laser noise [11, 18], the
carrier density fluctuation in the tuning regions can have a large contribution on
the noise levels [11, 17]. In addition to the excess noise from the current source
that biases the tuning sections, as there is no stimulated emission and absorption
in the passive regions, the refractive index of these sections will be determined by
the fluctuations of the carrier density, while in the active region the excess noise
is effectively suppressed thanks to the gain claiming mechanism [17].

Figure 3.7 also compares the phase noise characteristics of the SG-DBR laser
when biasing the gain section only, and when simultaneously biasing the gain and
tuning sections. The results demonstrated that the tuning regions can introduce
significant random-walk FM noise. Figure 3.7b shows that the linewidth from
the E-field PSD was further broadened from 5.5 MHz to 19.3 MHz when all sec-
tions were biased. The excess noise that causes the linewidth broadening can be
observed with the FM-noise spectrum in Fig. 3.7f. The high frequency white FM-
noise region was the same for both cases, corresponding to an intrinsic linewidth of
about 300 kHz. When all sections were biased, the break frequency of the excess
noise extended to about 400 MHz compared to less than 200 MHz when biasing
the gain section only. The laser phase noise can be approximately described by
the model in equation 3.14 with the white FM noise Sy = 3 x 105/n[H 2%/ H ],
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the flicker FM noise K; = 4.5 x 10"2[H 2% or f; = 47.1M Hz, and the random-
walk FM noise Ky = 3.5 x 103 [Hz%] or f, = \/K3/Sy = 191.5M Hz. Figure
3.7d plots the analytical phase-error variance determined by equation 3.26 from
the FM noise model as well as the numerical integration result of equation 3.15
using Gaussian quadrature method. The results again show a strong agreement
between the analytical model and the experiments as shown in Figs. 3.7d and
3.7f when biasing both gain and tuning sections of the laser. The effect of the
random-walk noise can be observed in Fig. 3.7d where the phase-error variance,
with all sections biased, deviates from linearity significantly. In particular, the
phase-error variance at 1 ns time delay, which corresponds to the symbol time
associated with 1 Gbaud line rate, has increased by nearly one order of magnitude
compared to the values predicted either by the intrinsic linewidth or the flicker
noise. The above analysis shows that the excess phase noise is significant and
therefore potentially could degrade the bit-error rate (BER) performance of a co-
herent communication system. A previously reported DPSK system operating at
1.25 Gbaud experienced a BER floor of around 10~° with an SG-DBR laser trans-
mitter, when biasing all sections [19]. This can be explained from Fig. 3.7d where
the phase-error variance at 0.8 ns was about 0.04 rad? which is the theoretical
limit for DPSK at 10~ BER [20]. The phase noise impact of SG-DBR lasers on
duobinary and DQPSK modulated packets at 42.6 Gbit/s line rate has also been
described in [21]. As optical coherent systems have been trending towards m-PSK
and m-QAM modulation formats, the requirements on the laser phase noise have
become even more stringent [2, 3, 4, 5]. In [4], the theoretical limits of the phase
error-variance at 10~* BER were derived for different modulation formats with
coherent detection based on decision-aided maximum likelihood phase recovery.
The authors reported that the limits were 0 = 1.2 x 107 and 0 = 2.3 x 107°
for QPSK and 16-QAM, respectively. Such phase noise requirements can be ef-
fectively characterized by the PM detection method.

3.4 Summary

In this chapter, we have reviewed the two phase noise characterization meth-
ods: the proposed delayed self-heterodyne using PM detection techniques and
the conventional delayed self-homodyne with optical coherent receiver. The anal-
ysis showed that the in-phase and quadrature components of the self-heterodyne
signal can be demodulated at the first and second harmonics of the phase mod-
ulating carrier, enabling full recovery of the differential phase. In comparison,

the delayed self-homodyne method recovers the differential phase via quadrature
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demodulation at the optical carrier. We then employed the PM-DSH technique
to characterize the phase noise of different types of semiconductor lasers. The
measurement results confirm that while the phase noise characteristic of the DFB
laser is primarily determined by white FM noise with very low frequency flicker
noise, the SG-DBR laser in addition has significant excess noise from the tuning
sections that causes linewidth broadening due to flicker and random-walk FM
noise. The analytical formula to determine the phase-error variance from the FM
noise spectrum was derived and the results showed that the excess phase noise is
significant and therefore potentially degrades the BER performance of a coherent
communication system employing tunable laser transmitter such as SG-DBR de-
vices. The experimental results also show that the contribution of the electrical
noise from the power supplies to the passive sections of the SG-DBR laser is sig-
nificant. That could be reduced through the use of the low noise current source
or a battery source to reduce the excess FM-noise from the passive sections.

The requirements on the laser phase noise have become more stringent as
coherent optical systems move towards ever higher order modulation formats to
achieve better spectral efficiency and increased tolerance to fiber dispersion and
non-linearity. Conventional delayed self-heterodyne measurements only deter-
mine the laser 3dB linewidth which is insufficient for evaluating the system per-
formance. The PM detection method thus extends the capability of the Delayed-
Self Heterodyne technique by coherently recovering the differential E-field of the
laser, and provides an effective alternative to the self-homodyne method for opti-
cal coherent measurements. This allows for a more complete characterization of
the laser phase noise, which in turn enables a more accurate prediction of system
performance.

As discussed previously, the laser phase noise is essentially setting the lower
bound for the BER performance in coherent optical communications systems
where both phase and amplitude of the optical field are utilized to transmit in-
formation. The effects of different phase noise processes in semiconductor lasers,
especially the SG-DBR laser, on the ultimate performance of the coherent com-
munications systems will be extensively investigated in the next chapter. Based
on that investigation, some novel techniques to overcome the impact of large
laser phase noise in optical communications will subsequently be proposed and

evaluated.
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Chapter 4

Laser Phase Noise and Advanced

Modulation Formats

In the preceding chapters, the sophisticated phase noise processes of the SG-DBR
lasers have been examined. With the aim of deploying this type of monolithic
tunable laser in an optical communications system with advanced modulation
formats, in this chapter, we will extensively investigate the performance of these
systems employing the SG-DBR laser. The complicated phase noise characteris-
tics of the SG-DBR laser pose a significant impact on coherent systems with high
order QAM modulation formats. The experimental results expose that: the white
FM-noise basically defines the lower bound of the BER performance of a coherent
communications system while the other additional FM-noise processes will lead
to the unpredictable performance degradation. To overcome this issue, we pro-
pose novel methods that either employ advanced DSP in conventional coherent
detection systems or new transmission schemes.

The chapter is structured as follows: in section 4.1, we experimentally exam-
ine the effects of phase noise of the SG-DBR lasers on a conventional coherent
communications system employing high order QAM modulation formats. A new
phase tracking algorithm utilizing a second-order decision-directed Phase-Locked
Loop (DD-PLL) is proposed to solve the problem of the excess phase noise in
SG-DBR lasers. The effects of phase noise of the SG-DBR lasers on Cycle Slips
(CS) are also investigated in this section. In the following section, section 4.2,
we propose a novel transmission scheme for QPSK employing a Phase Modula-
tion detection technique to overcome the problem of the phase noise in SG-DBR
lasers. In section 4.3, a novel Baudrate-Pilot-Aided transmission scheme with
direct detection will be demonstrated for 16-QAM modulation format that ef-
fectively overcomes the problem of large phase/frequency noise in semiconductor

lasers, especially the SG-DBR lasers. Finally, section 4.4 will summarize the
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chapter.

4.1 The effects of phase noise of monolithic tun-

able lasers in coherent detection systems

Multi-level modulation has been identified as one of the key technologies to ad-
dress the capacity increase in Dense Wavelength Division Multiplexing optical
networks [1]. Optical transmissions systems employing digital coherent receivers
and advanced optical modulation formats which offer high spectral efficiency have
thus become a critical enabling component. The phase noise characteristics of
the lasers in these coherent systems can limit the bit-error rate performance,
especially under higher-order quadrature amplitude modulation schemes from
Quadrature Phase Shift Keying, to 16-QAM and to 64-QAM [1, 2]. The 3-dB
linewidth from the delayed self-heterodyne measurement has typically been the
metric for determining whether the laser will work in a specific coherent system
with a certain baud rate and modulation format. However, the observed 3-dB
linewidth, which is broadened due to 1/f mnoise [3], has been shown to be an
incomplete measure of the laser phase noise as discussed in the previous chapter
[4, 5]. In this section, we firstly achieve the FM-noise spectrum of a Distributed
Feedback laser and a Sampled-Grating Distributed Brag Reflector laser [6] using
the Delayed Self-Heterodyne employing Phase Modulation detection technique
[4]. We then experimentally evaluate the effects of the laser phase noise on the
coherent communications systems employing 16-QAM at 5 Gbaud and QPSK
operating at 10.7 Gbaud. Experimental results show that the system operation
was significantly affected by the high 1/f noise of the SG-DBR device. The
results also confirmed that the white FM noise level largely defines the overall

performance of coherent detection.

4.1.1 Basic concept of optical coherent detection

Current optical coherent communications systems (for commercial networks and
for majority of current research) are basically deployed as an intradyne detection
scheme based on the two key optical components: (1) the IQ modulator |7, §]
which consists of two nested single-drive-MZMs and a 90° phase-shifter on one
arm as in Fig. 4.1a; and (2) the optical 90° hybrid accompanied by two balanced
photo-detectors [7, 8] as in Fig. 4.1b. By utilizing these two components, both
amplitude and phase of the optical complex field can be manipulated to carry

information. The intradyne detection scheme is a coherent reception technique
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Figure 4.1: Conceptual illustration of (a) IQ modulator for transmitter, and (b)
optical 90° hybrid for intradyne-receiver in current coherent optical communica-
tions systems.

introducing a small frequency offset (much smaller than the system baudrate)
between the transmitter laser and the local oscillator. The references [7] and [§]
explain in more detail the basic operational concepts of this coherent communi-
cations system. In this subsection we will concentrate on the effects of the laser
phase noise which defines the lower bound of the BER performance of the fully
optical coherent systems.
Following the notation in [9], ignoring the nonlinearity of the fiber link (launched

power could be controlled to satisfy this assumption) and fiber dispersion, the re-
ceived signal in optical coherent systems is contaminated by lasers phase noise

and additive Gaussian noise and modeled as:

r(k) = c(k)e”™ + n(k) (4.1)

where c(k) is defined as the transmitted symbol, 6(k) is the laser phase noise
at sampling point and n(k) presents the additive Gaussian noise with the vari-
ance Ny/2 = 0%. At the receiver, a referable phase tracking technique could be
employed to estimate the laser phase noise é(l{:) That leads to a phase error after
the phase tracking ¢(k) = 0(k) — 6(k). We can numerically evaluate the BER
Py(e) based on the probability density function (PDF) of ¢(k) as:

Fi(e) = / " P(eloyp(6)ds (4.2)

where P,(e|¢) is the BER conditioned on a fixed value of phase error ¢(k) and
p(¢) is the PDF of the phase error.

Firstly, we find the expression for P,(e|¢) in equation 4.2. The rigorous deriva-
tion of Py(e|¢) for QPSK and 16-QAM can be found, for example, in [9]. Secondly,
we would need the PDF p(¢) of the phase error. From the widely known refer-
ences, the phase error after phase tracking could be well approximated by a zero
mean Gaussian distribution [9] or a Tykhonov distribution [10]. For simplicity,

we assume the phase error has the zero mean Gaussian distribution with the
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Figure 4.2: The effect of laser phase noise on the ultimate BER performance of
QAM modulation formats in coherent optical communications.

variance a;:

p(o) = e s (4.3)
27?035

Finally, the lower bound of BER performance due to laser phase noise for
QPSK and 16-QAM can be found by evaluating equation 4.2 and achieving the
same results as reported in [9]. Figure 4.2 depicts these numerical results where
vy is the signal-noise-ratio per bit. The theoretical BER performances of QAM
modulation formats on additive Gaussian noise channel (without phase noise)
can be easily found in many communications textbooks [11]. Here we use them
as the benchmark of the system for comparison.

According to the theoretical limits in Fig. 4.2, we can find that the require-
ment on laser phase noise for coherent optical communications is very stringent,
especially when migrating to higher order QAM modulation formats. For ex-
ample, the QPSK modulation format would requires a phase-error variance in
order of 107%(rad?) to achieve a reasonable theoretical performance, while the
16-QAM modulation format would need much lower phase-error variance aé,
around 1073(rad?). The Gaussian phase error mainly defines the ultimate BER
performance of the coherent systems. In the next few subsections, we will inves-
tigate how the sophisticated phase noise processes in SG-DBR lasers would affect

the BER performance in such a system.

4.1.2 Experiment setup for the 16-QAM coherent system

The experimental setup is depicted in Fig. 4.3a. The transmitter employed two

DFB lasers and one SG-DBR laser with different phase noise characteristics while
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the receiver local oscillator was a narrow linewidth external cavity 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 filters and amplified
to drive the I & QQ arms of a dual parallel Mach-Zehnder modulator. The four-
level driving signals, shown in the upper inset of Fig. 4.3a, were optimized for
the nonlinearity of the electrical amplifiers and the I/Q modulator. The variable
optical attenuator (VOA) adjusts the received power into the low-noise EDFA
that served as the pre-amplifier for the receiver front-end. The EDFA output was
further amplified by a second EDFA, with the optical filters (2 nm bandwidth)
reducing the ASE noise. The second VOA maintained an input optical power of
—14 dBm into the 90° optical hybrid. The lower inset of Fig. 4.3a shows the
optical eye of the 16-QAM signal. The polarization of the received optical field
was manually adjusted to match with the polarization of the LO optical field
whose power was kept at +3 dBm.

A pair of balanced photo-detectors detected the output signals from the op-
tical hybrid. An Agilent real-time scope captured the detector output signals at
40 GSa/s, and they were then fed into a computer for off-line DSP processing, as
illustrated in Fig. 4.3b. The digital samples were firstly normalized by their rms
values and the I/Q components were balanced. The non-data-aided frequency
correction removed the frequency offset between the lasers [12| and a 20-symbols
training sequence was employed to achieve symbol synchronization. Many algo-
rithms have been developed for carrier phase recovery in digital coherent receiver
including the least mean-squared (LMS) algorithm [13]. In this work, we de-
veloped a simple first order decision-directed Phase-Locked Loop (DD-PLL) as
shown by the block diagram in Fig. 4.3c. The residual carrier phase, ¢.(n), of
the n'" symbol was estimated by subtracting the phase of the detected symbol,
¢a(n), from the total phase ¢(n) determined by removing from the received signal
the estimated carrier phase, ¢u..(n), that has been accumulated from ¢.(n). The
accumulation coefficient k, adjusts the convergence speed of the algorithm. The
performance of the first order DD-PLL was verified against the LMS algorithm
and showed a slight improvement; primarily because the LMS algorithm is sub-
jected to both amplitude and phase corrections. As a result, we employed the
first order DD-PLL as the referenced scheme to evaluate the system performance
with the DFB and SG-DBR lasers. Gray coding was also employed for symbol

encoding and decoding.
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4.1.3 System performance evaluation for 16-QAM modu-

lation format
4.1.3.1 Phase Noise Characteristics

We firstly characterize the phase noise of the lasers using the DSH-PM method
with a 12 km fiber delay line that has been previously described in chapter 3.
As shown in Fig. 4.4, the measurement results for the two different DFB lasers
demonstrate the purely random walk in phase, or white FM noise, characteristics
[4, 5] at 300 kHz and 6 MHz linewidths. The SG-DBR laser operated under
different bias conditions resulted in different phase noise characteristics. Fig.
4.4c shows that the SG-DBR laser has a high-frequency white FM-noise region
above 200 MHz that corresponds to an intrinsic linewidth of 300 kHz. Below 200
MHz, the device exhibits excess 1/f or flicker FM noise when only the gain section
was biased, and 1/ f? or random-walk FM noise when the bias was applied to both
gain and tuning sections. The excess noise increased the phase-error variances,
as shown in Fig. 4.4b, in comparison with the 300 kHz DFB laser, and between
the different bias conditions. The broadening of DSH linewidths of the SG-DBR
laser to 5.5 MHz and 19.5 MHz due to the excess noise can be observed with the
E-field power spectral densities in Fig. 4.4a . Again, the results demonstrate in
particular that the SG-DBR laser has 1/f? noise that can be attributed to biasing
the passive sections; and therefore would benefit from the use of low-noise current

sources.

4.1.3.2 Performance Evaluation

The performance of the 16-QAM coherent system in Fig. 4.3a was evaluated with
the above DFB and SG-DBR lasers in the transmitter. We note for the tunable
SG-DBR laser that in order to achieve operation on a specific ITU channel, it
is normally necessary to bias all sections (gain and tuning) of the device. Fig.
4.5 displays the BER versus received power for the two DFB lasers. The plots
verify that the BER improves slightly with the first order DD-PLL, and the
system performance is limited by the phase noise of the DFB laser. The inset
in Fig. 4.5 depicts the example symbol constellation for the 300 kHz DFB laser
at —28 dBm received power (k, = 0.15 ). The system performance was further
analyzed with the time-resolved BER measurements as shown in Fig. 4.6. These
measurements were performed by capturing the output signals from the balanced
photo-detectors in data blocks of 2 us long for offline processing. The BER for
each of the 2 us data blocks was then computed (received power at —20 dBm and
k, = 0.2). The time-resolved BER plots for the DFB devices again show that

73



100 ! ——SGDBR, Gain section only
) i —— SGDBR, Gain & Tuning sections

_ 105 —— DFB laser, Av = 300KHz
-10r —— DFB laser, Av = BMHz
= i |
z
>
Q
c
G
=2
=3
L
=
©
3
o

16 17 1.8 1.9 2 2.1 22 23

Frequency (GHz)

(a) PSD of E-field

1.1
1t —DFB laser, Av = 6MHz
—~o9l —DFB laser, Av = 300KHz .
N-c ~||—S8SGDBR, Gain & Tuning sections
B 08— sGDRR, Gain section only ]
g 07t F
S08
To5
So4
woz
&
s 02 ......
£~
o 0.1
0
0 05 1 15 2 25 3 35 4 45 &
Delay Time (ns)
(b) Phase-error variance
10°¢

“| ——SGDBR, Gain section only
——SGDRBR, Gain & Tuning sections
——DFB laser, Av = 300KHz

FM-noise Spectrum (HzZ/Hz)
=

Frequency (Hz)

(c) FM noise spectrum

Figure 4.4: Phase noise characteristics of DFB lasers and SG-DBR laser

74



10" R
i 107}
10‘3 : : : : .-
-| —8—DFB laser, v = 300KHz, DD-MLE |-
|| —=—DFB laser, Av = 300KHz, LMS e ]
DFB laser, £v = 6MHz ERR e

44 42 40 38 36 -34 32 30 28
Received Power (dBm)
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the laser with a 300 kHz linewidth could operate consistently at around 1073
BER (the BER performance limitation is mainly constrained by the laser phase
noise), 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 the
SG-DBR laser show intermittent performance degradation when biasing the gain
section only; and the degradation became more prevalent when both the gain
and tuning sections were biased. The overall comparison of the results in Fig.
4.6 would suggest that the performance of the SG-DBR laser can achieve that of
the narrow linewidth DFB laser. This is consistent with the previous observation
that the SG-DBR laser has the intrinsic, white-FM linewidth that is similar to the
narrow linewidth DF'B laser at 300 kHz. The intermittent degradation worsened
subject to the bias conditions, and is consistent with the increase in the phase-
error variances in Fig. 4.4b, and in the low-frequency FM noises from 1/f to 1/ f2
in Fig. 4.4c. The time-resolved BER plots also indicate that the SG-DBR laser
performance remains largely bounded between the two DFB lasers, even though
its DSH linewidth broadening exceeded both and was as much as 19.5 MHz.
Figure 4.7 further illustrates the example time-resolved measurements from
Fig. 4.6 at points ¢ = 12us and 18us for the SG-DBR laser with only the
gain section biased. Figures (4.7a, 4.7b) and (4.7c, 4.7d) display the symbol
constellation and the error vector magnitude, respectively. In comparison to
Figs. 4.7a and 4.7c, the noisy constellation of Fig. 4.7b corresponds to the
sudden increase of the error vector magnitude in Fig. 4.7d from the loss of carrier
phase tracking due to the 1/f noise. The low-frequency excess FM noise of the

semiconductor laser generally induces a slow fluctuation of the instantaneous
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Figure 4.6: Time-resolved BER of 16-QAM system with 2 — us long data blocks

carrier frequency [5], and the effect of this random frequency drift for the SG-
DBR laser can be observed by comparing the symbol constellations in Figs. 4.7a
and 4.7b and note that the entire constellation has also been slightly rotated.
To overcome the problems caused by the excess noise in these coherent systems,
there are a couple of solutions: (i) use low noise current sources with low-pass
filters to reduce the noise from the biasing circuits, and (ii) develop improved
carrier phase recovery algorithms that would achieve better phase tracking under
large excess phase noise. For example, instead of the first-order DD-PLL in this
work, a second-order DD-PLL may be employed for tracking both the phase and
frequency drifts, together with more frequent symbol re-timings along the data
blocks. In the next subsection, we will investigate the tracking performance of
a second order DD-PLL in overcoming the severe impact of the 1/f* noise in
SG-DBR lasers.

To recap, in this section, we have examined the performance of an SG-DBR
laser in a coherent optical communication system employing high order modula-
tion formats. The performance is significantly reduced due to excess FM-noise.
We confirmed that while the white FM-noise has been determined to largely de-
fine the overall system performance, the system operation could potentially be
impaired by excess laser phase noise. The experimental results show the impor-
tance of distinguishing different phase noise processes of laser sources and de-
veloping the means to cope with excess noise of SG-DBR lasers in future WDM

systems that employ high order modulation formats.
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4.1.4 Phase tracking with second order Phase-Locked Loop

As the results in the preceding subsection demonstrate, while the white-FM noise
determines the ultimate performance of coherent systems, the excess noise in SG-
DBR laser could significantly degrade the system performance for higher order
QAM such as 16-QAM. The use of SG-DBR lasers in coherent communications
systems would necessitate receiver Digital Signal Processing (DSP) to cope with
such excess laser phase noise. In this subsection, we investigate a second order
decision-directed Phase-Locked Loop scheme that tracks the white-FM noise and
the excess noise of a SG-DBR laser. The performance of the proposed tracking
scheme will be experimentally examined with 16-QAM at 16 Gbaud and compared

with the current phase tracking techniques.

4.1.4.1 Experiment setup

The experiment in this section had been performed in Center of Optics, Photonics
and Lasers, Laval University, Canada. Therefore the experiment setup has some
changes compared with the experiment in Fig. 4.3. Figure 4.8 shows the ex-

perimental setup with the transmitter’s SG-DBR laser operating under different
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Figure 4.8: Experimental setup for 16-QAM at 16 Gbaud with SG-DBR laser at
transmitter

biasing conditions resulting in different phase noise characteristics. The four-level
driving signals for the I & Q channels of the 16-QAM signal were generated by
combining the PRBS 27 — 1 and PRBS 2% — 1 bit-streams from the pattern gen-
erator. The Q channel was de-correlated from the I channel with a fixed delay
line. The variable optical attenuator adjusts the received power into the EDFA so
that the OSNR could be varied at the receiver front-end. The EDFA output was
followed by an optical filter with a 1 nm bandwidth to reduce the ASE noise. The
second VOA maintained an input optical power of +0 dBm into the Picometrix
coherent receiver that employed a narrow linewidth external cavity laser for the
local oscillator. The polarization of the received optical field was manually ad-
justed to match with the polarization of the LO optical field whose power was
kept at +10 dBm. The inset in Fig. 4.8 shows an example of the received eye at
the front end of the coherent receiver at 40 dB OSNR.

An Agilent real-time scope captured the detector output signals at 80 GSa/s,
and they were then fed into a computer for off-line DSP processing. The data
block length was 200K samples and five consecutive blocks were captured and pro-
cessed which yields 10® samples for each BER calculation. Many algorithms have
been developed for carrier phase recovery in digital coherent receivers including
decision-aided maximum likelihood (DA-ML) phase estimation [14], blind phase
search technique (BPS) [15], and first order decision-directed phase-locked loop
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Figure 4.9: Second order decision-directed Phase-Locked Loop.

[16, 17]. However, in the particular case of a SG-DBR laser having the unique
phase noise characteristics that include both white FM noise and very high excess
frequency noise, there is a need for a tracking scheme that can be effective against
these two different types of phase noise, as current carrier phase tracking schemes
cannot handle them. In this subsection, we developed a second-order DD-PLL
[17] to address this issue. Figure 4.9 shows the block diagram of the proposed
carrier phase tracking scheme parameterized by v and p with the recovered sym-
bols decoded into bit streams for BER counting. The coefficient p controls the
speed of convergence of the first loop which yields output £(n) corresponding to
the frequency fluctuation from the laser, while v will be used to optimize the
overall performance of the second order PLL. The two feedback coefficients were

numerically optimized in offline DSP to maximize BER performance.

4.1.4.2 Performance evaluation

Again, we operate the SG-DBR laser at two different biasing points: biasing
only the gain section at Igq, = 120mA yields the lowest phase noise at 1548.70
nm wavelength, and biasing four sections simultaneously with driving currents
Irront = 1mA, Igem = 120mA, Ige, = 0.72mA and Ippese = 8.7mA yields much
higher phase noise at an operating wavelength of 1553.66 nm. As discussed in
previous sections, biasing the additional passive sections will significantly increase
the excess 1/f* noise of the monolithic tunable lasers.

The SG-DBR laser with the phase noise characteristics determined from the

above biasing points was incorporated into the coherent 16-QAM system oper-
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ating at 16 Gbaud line rate in Fig. 4.8. We investigated the effectiveness of the
second-order DD-PLL scheme in tracking the excess phase/frequency noise and
also compared the performance of the proposed scheme with the first-order PLL,
DA-ML and BPS phase tracking algorithms. Figure 4.10a shows the BER per-
formance when biasing the gain section only which yields the lowest phase noise
for the SG-DBR laser. The results demonstrate that all of the phase tracking
techniques were effective, with the BPS algorithm [15], when set at the optimized
filter half-width N — 7 and B — 32 test phase angles, achieving the best perfor-
mance. The DA-ML [14] (optimized block length L = 5), and first-order PLL
[16] (optimized feedback coefficient = 0.03) show a similar performance with
about 4 dB penalty at 1072 BER compared to BPS. The proposed second-order
PLL with optimized feedback coefficients v = 0.025 and p = 0.05 yields the same
performance as first-order PLL and DA-ML in this case. The error floors of all
tracking schemes were mainly defined by the white-F'M noise of the SG-DBR laser
which is much higher than that of the ECL as the LO [16].

Figure 4.10b compares the BER performance of the tracking schemes when
all the sections were biased, resulting in the large excess 1/f“ noise. The BER
plots demonstrate clearly the robustness of the second-order PLL scheme as it
continued to be effective in the presence of both white-FM noise and large excess
noise, while the other well-known phase tracking schemes failed. We can observe
from Fig. 4.10b that only the proposed scheme was able to reach the FEC level
of 1073 BER at less than 30 dB OSNR when the coefficients v and p were kept at
previous values (biasing gain section only), and an improved BER performance
with smaller penalties can be achieved when the feedback coefficients were re-
optimized (to minimize the BER) at OSNR of 26 dB and 28 dB. Fig. 4.10c depicts
the example recovered symbol constellation at OSNR = 32 dB. Even though
the second-order PLL has about 2 dB in performance penalty when comparing
the results in Fig. 4.10a and Fig. 4.10b, we conclude that only the proposed
scheme has the ability to overcome the effect of the complicated and large excess
phase noise that has been observed in coherent systems employing monolithic
tunable lasers. We also note that as the feedback coefficients of the PLL can
be re-adjusted for better performance, in practice a training sequence could be
transmitted to optimize the feedback coefficients of the second-order PLL at each
operation condition.

In summary, we have examined the performance of a second-order DD-PLL
phase tracking technique in a coherent receiver when a tunable SG-DBR laser
was used for transmission. The proposed scheme demonstrated its robustness

in tracking white-FM noise and large excess noise for 16-QAM at 16 Gbaud.
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The experimental results present the ability to employ monolithic tunable lasers
for higher order modulation formats with coherent systems. This is achieved by
exploiting advanced digital signal processing at the receiver side to mitigate the

need for complex devices with low phase noise.

4.1.5 Effect on cycle slips in QPSK modulation format

Even though QPSK modulation format provides higher tolerance for the excess
bit errors caused by the excess frequency noise of SG-DBR laser [16], this low
frequency noise will potentially increase the cycle slip probability (CSP) of the
phase tracking algorithm. The use of SG-DBR lasers in coherent communica-
tions systems therefore necessitates a detailed investigation of cycle slip (CS)
enhancement due to this 1/f® noise. In this subsection, we experimentally evalu-
ate the BER and CSP performance of SG-DBR lasers with two widely used phase
tracking techniques employing both feedback and feed-forward schemes. The ex-
periments with 10.7 Gbaud QPSK have been carried out to investigate the effects
of low frequency FM-noise in SG-DBR lasers on the CSP. A new phase tracking -
CS detection/correction technique is also proposed to reduce the computational
complexity which would enable practical pilot-aided CS detection/correction for

high-speed optical coherent communications.

4.1.5.1 Experiment setup

Essentially, the experiment set up is similar with the setup in previous sections
except for some slight changes described here. Figure 4.11 shows the experimen-
tal setup with the transmitter’s SG-DBR laser operating under different biasing
conditions resulting in different phase noise characteristics. A narrow linewidth
DFB laser was also employed at the transmitter for comparison. Figure 4.12a
depicts the FM-noise spectrum of the DFB laser and the SG-DBR laser again at
different operating points which will be deployed for the system experiments. The
driving signals for the T & (Q channels of the QPSK signal were generated by the
PRBS bit streams from the pattern generator. The QQ channel was de-correlated
from the I channel with a fixed delay line. The second EDFA-optical filter-VOA
stage of the pre-amplified receiver maintained an input optical power of -3 dBm
into the coherent receiver that employed an external cavity laser for the local
oscillator. The polarization of the received optical field was manually adjusted
to match with the polarization of the LO optical field whose power was kept at
+10 dBm.

A real-time scope captured the detector output signals at 50 GSa/s, and
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Figure 4.11: Experimental setup for QPSK at 10.7 Gbaud with SG-DBR laser at
transmitter

they were then fed into a computer for off-line DSP processing, as illustrated in
Fig. 4.12b. The data trunk was 2.5M samples and four consecutive trunks were
captured and processed which yields more than 2 x 10° symbols for BER and CSP
estimation. The digital samples were firstly normalized by their root-mean-square
values and the I/QQ components were balanced. The received signal was then re-
timed and re-sampled to the symbol stream for frequency offset compensation. In
this section, we investigate the performance of two widely employed carrier phase
tracking methods: a feedback scheme with first-order decision-directed PLL as
in the previous section, and a feed-forward scheme with the Viterbi & Viterbi
algorithm (V&V) [19, 20, 21]. That was followed by the CS detection/correction
as presented in Fig. 4.12b. Differential decoding could be performed at this
stage instead of CS correction to compare with the pilot-assisted CS correction

schemes. The recovered symbols were subsequently decoded for BER calculation.

4.1.5.2 Cycle slip detection/correction

The CS in QPSK modulation format caused by the phase tracking algorithms
leads to catastrophic errors due to the ambiguity in the symbol quadrant. By
using periodical pilot symbols, we can detect the CS event and subsequently
correct for that error in the estimated phase. The received data is processed in
blocks of symbols with 3% pilot symbols. As illustrated in Fig. 4.12b, with the aid
of pilot symbols, the symbols block which contained a CS event will be detected.
To further identify the exact position of the symbol where the CS event happened
within that block, we employ one of the two approaches described below (note
that either PLL or V&V algorithm can be used as the phase tracking technique
prior to CS detection/correction).

In the first approach of CS detection (CS1) adopted from [19], we deploy
additional backward phase tracking within the block that contains the CS, then
the minimum point of phase difference between the forward and backward phase
estimates will present the position of the CS symbol. This approach poses a
high computational requirement due to the additional backward phase searching,

especially in the case of SG-DBR lasers where the very high 1/f% noise would
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result in increasing CSP after phase tracking. We also propose a second approach
for CS detection (CS2) to significantly speed up the processing. In this approach
the carrier phase estimate 0.(n) from the phase tracking algorithms within the
block will be delayed by 7,,, and subtracted from the original estimate to find the
absolute differential phase estimate 00.(n) = |0.(n) — 0.(n — 7,)|. The position
of the CS symbol will then coincide with the maximum of the absolute differ-
ential phase estimate. By only employing delay and subtract operations on the
estimated phase, this CS2 technique significantly reduces the computational com-
plexity compared with the CS1 technique (by avoiding backward phase searching)
while achieving similar performance.

An example of phase noise estimation from the experimental results in Fig.
4.12c¢ clearly illustrates the two CS detection approaches. In the CS1 method,
the forward phase estimate (using PLL in this example) is represented by the
blue solid curve. The CS causes the phase estimate to deviate from the actual
phase noise (red curve) by —m/2. The minimum difference of this forward phase
estimate with the backward phase estimate (black curve) presents the position of
the CS symbol as discussed in [19]. With the CS2 approach, the green dashed
curve depicts the absolute differential phase estimate. The position of the maxi-
mum of this curve corresponds to the position of the CS symbol which yields the
same result with the CS1 approach. After the CS symbol is identified, the phase
estimate from that position to the end of the symbols block will be corrected
according to the phase estimate deviation.

Figure 4.13a shows the comparison of the different phase noise tracking schemes
in combination with different CS detection approaches, using the experimental
setup presented in Fig. 4.11. The BER (left axis) and CSP (right axis) at an
OSNR = 8dB have been plotted versus the appropriate control parameters of
the phase tracking techniques such as convergence coefficient - y of PLL (bottom
axis), or the length of the moving average filter of V&V algorithm [19, 20, 21|
(top axis). These parameters need to be optimized for different levels of laser
phase noise, especially white-FM noise. In fig. 4.13a, an SG-DBR laser with all 4
sections biased was employed at the transmitter. The optimum BER (employing
the appropriate control parameters) of PLL-CS1, PLL-CS2, and V&V-CS2 are
shown in blue, brown, and black colours respectively, and are all similar (about
1073). While the minimum CSP of V&V-CS2 and PLL-CS1 (or CS2) in purple
and red colours are also similar (2 x 1075). The results show that, for QPSK
with SG-DBR transmitter, PLL or V&V algorithms in combination with one of
the two CS correction methods would yield similar performance in terms of BER
and CSP.
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4.1.5.3 Cyecle slip probability evaluation

To investigate the CS effect with a SG-DBR laser, we bias the laser at differ-
ent conditions. The Gain section current was kept constant at Igu, = 100mA
throughout the work. For the operating point A (OP-A, A = 1559.065nm), we
additionally bias the two tuning sections: Ip.ony = 10mA, Igaer = SMA(Ippgse
OFF). We then further increase the low frequency noise of the laser within this
supermode by subsequently increasing the injected current to the phase section
such that Ipp.se = 2mA (operating point B, OP-B, A = 1558.961nm), and then
Iphase = 4mA (operating point C, OP-C, A = 1559.174nm). The three operating
points demonstrate similar levels of white-FM noise as shown in Fig. 4.12a while
the 1/f“ noise was significantly increased when the total injected current into
the passive section was increased as mentioned in previous sections.

We then employ the SG-DBR laser and the narrow linewidth DFB laser (A =
1558.984nm) at the transmitter of the 10.7 Gbaud QPSK system presented in
Fig. 4.11 to evaluate the BER and CSP performance. The measured performance
versus OSNR of the SG-DBR laser and DFB laser are shown in Fig. 4.13b and
4.13c. The figures confirm the equivalence in performance of PLL-CS1 and V& V-
(CS2 as discussed above. The BER performance of the SG-DBR laser in Fig.
4.13b is slightly degraded when the low frequency noise is enhanced at operating
points OP-B and OP-C. Figure 4.13c¢ clearly shows that low frequency noise
considerably increases the CSP in coherent systems employing SG-DBR. lasers
(no CS has been found for the DFB laser case). A penalty of 2 dB OSNR in term
of cycle slip probability can be observed in Fig. 4.13c¢ between biasing 3 sections
(OP-A) and 4 sections (OP-B, OP-C) of the SG-DBR laser. In Fig. 4.13b, we
also turn off CS correction, or perform differential decoding (PLL-DD) instead
of CS correction using pilot symbols for comparison. An OSNR penalty of about
1 dB, at a BER of 1074, is incurred due to the nature of error duplication in
the differential decoding scheme [19]. Also with no CS correction or differential
decoding, the system could not operate at this very high level of phase/frequency
noise as illustrated in Fig. 4.13b. The experimental results in Fig. 4.13 show
that the 1/f* noise in monolithic tunable lasers would yield an increase in CSP
of the well-known phase tracking algorithms and in turn requires an efficient CS
detection/correction technique to cope with this issue.

To recap, in this subsection, we have examined the cycle slip effects of a SG-
DBR laser in a 10.7 Gbaud QPSK transmission system with well-known phase
noise tracking algorithms. A new CS detection/correction method has also been
developed with reduced complexity over conventional techniques. The additional

low frequency noise of the tunable laser caused by carrier dynamics in the passive
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sections leads to an increase in CSP after carrier phase tracking. This will in
turn require either hardware implementation to reduce the low frequency noise
of the SG-DBR laser, or efficient DSP at the receiver to improve the system

performance.

4.2 A novel coherent Self-Heterodyne receiver based

on phase modulation detection

In fully coherent optical communications, the state-of-the-art optical coherent
receiver employs a 90° hybrid front end and a local oscillator laser for intradyne
demodulation as discussed previously |7, 8]. The integration of the optical 90°
hybrid remains a technical challenge and the laser phase noise requirements on
the LO can be difficult to achieve especially with high line rates. Differential
modulation techniques such as DQPSK that employs self-homodyne direct detec-
tion using delay line interferometers (DLIs) [22, 23| could potentially reduce the
requirements on the laser linewidth. However, the DLI approach would require
significantly more complex hardware implementation to migrate to higher order
modulation formats such as differential m-PSK and differential m-QAM. The au-
thors in [24] also reported a realization of direct-detection multilevel transmission
for 16-QAM incorporating with phase pre-integration and advanced digital signal
processing.

In this section, we propose a novel coherent receiver scheme based on the
phase modulation (PM) detection method [25] that can recover the differential
E-field from the harmonics of the modulating carrier without a LO. In previous
chapter, we employed PM detection method for characterizing the laser phase
noise [4]. Similar approaches to harmonic demodulations have been employed in
near-field scanning optical microscopy [26] and Fourier-domain optical coherence
tomography [27], but to our knowledge this is the first demonstration in coherent
optical communications. We demonstrate experimentally a self-coherent DQPSK
system operating at 10 Gb/s by implementing a PM detection method at the re-
ceiver. The performance of the proposed technique is compared with other widely
employed DQPSK receiver structures through simulations and experimental re-
sults. The proposed receiver configuration provides a cost effective solution for
the front-end of optical coherent receivers, and has the potential of migrating to

higher order modulation formats without significant additional complexity.
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4.2.1 Analytical model

In the following we develop the analytical model for the proposed receiver scheme
in Fig. 4.14a. The E-field of the modulated optical output from an 1QQ modulator
can be expressed in complex notation (for brevity we have omitted the laser phase

and intensity noises) as
E(t) = \/Fa(t)ejqb(t)ejwot (4.4)

where wy is the angular optical frequency, P is the optical output power of the
laser, and ¢(t) and a(t) respectively are the symbol phase modulation and the
normalized symbol amplitude modulation. a(t) is constant for PSK modulation
format. The upper arm of the interferometer in Fig. 4.14a has a one-symbol
delay and the lower arm is phase modulated by a sine wave. The incident E-field
falling on the photo-detector can be written as

Ei(t) = = [B(t — T,) — E(t) x ellbsinwettoc)]] (4.5)

DO | —

where T is the symbol duration. The input signal to the phase modulator is
bsin(w.t + ¢.), where b is the PM index, w, and ¢, are the angular frequency and
phase of the modulating carrier, respectively. The output current of the photo-
detector with responsivity R is proportional to the intensity of the slowly varying

envelope of the incident field (or the lowpass component of the crossing term):

i(t) = R x E;(t)E!(t)
1
:Zme%Hw%—ﬂ) (4.6)
_2a(t)a(t - Ts) cos [WOTS + ¢(t) - ¢(t - Ts) + bSin(wct + ¢C)]}
Ignoring the first two terms in equation 4.6 (which are constant for PSK and

can be canceled using balanced photo-detectors, or a single photo-detector with
a DC-block) and expanding the third term:

it) = —% X RPa(t)a(t — Ts) cos [woTs + ¢(t) — p(t — Ts) + bsin(w.t + ¢.)]
it) = —ga(t)a(t — Ts) x {cos [woTs + ¢(t) — d(t — Ts)] cos [bsin(w.t + ¢.)]
—sin [woTs + ¢(t) — ¢(t — Ts)] sin [bsin(w.t + ¢.)]} (4.7)

Using the Bessel coefficient expansions in the same manner with previous
section, it is clear from equation 4.7 that the I and Q components of the complex
differential optical modulation envelope, a(t)a(t — T})e?[*®=¢(t=T)] can be found

at the even and odd harmonics of i(¢). For bandwidth efficient demodulation,
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Figure 4.14: Experiment setup for proposed differential self-coherent systems
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we use specifically the baseband and the first harmonic for the 1&(Q components.
The output current of the photo-detector in term of baseband and first harmonic

could be expressed:
i(t) = %RP [—TJo(b)I(t) + 2T1(D)Q(t) sin(w.t + ¢c)] (4.8)

Where I(t) = a(t)a(t — Ts) cos [o(t) — ¢(t — Ts) + woTs] and Q(t) = a(t)a(t —
Ts)sin [¢(t) — ¢(t — Ts) + woTs]. Figure 4.14c shows the block diagram of the off-
line DSP for the captured photo-detector current. A simple carrier phase recovery
algorithm for ¢ was applied prior to demodulation. The least mean-square (LMS)
algorithm compensates for the differential drift in the interferometer arms due to
the random fluctuation, for example, in temperature. For balanced 1/Q outputs
the PM index b is adjusted so that Jy(b) = 27:(b) ~ 0.81, or b = 0.90, as verified

on the electrical spectrum analyzer.

4.2.2 Experimental setup

Figure 4.14a shows the experimental setup for a back-to-back 5 Gbaud DQPSK
link using coherent PM detection method. The transmitter employed an SG-DBR
laser that has a linewidth of 5 MHz at 1547.6 nm when biasing only the gain
section at 100 mA. The I & @Q arms of a dual parallel Mach-Zehnder modulator
(biased close to the null points) was driven at 5 Gb/s by the complementary
PRBS outputs of an Anritsu pulsed pattern generator which were de-correlated
by 59 bits using an electrical delay. The received power of the DQPSK signal was
monitored after the first variable optical attenuator. The first low noise EDFA
served as the pre-amplifier for the receiver front-end. The output signal was
further amplified by a second EDFA. Each EDFA was followed by 2 nm optical
filters to reduce the ASE noise, and the second VOA adjusted the optical power
falling on the photo-detector.

The one-symbol delay in one arm of the interferometer was set to Ty = 200ps
at 5 Gbauds. The EOspace phase modulator in the other arm was driven by a
5 GHz sinusoidal signal generator. The signal generator output was amplified to
provide sufficient drive (modulation index b) to the phase modulator in order to
achieve balanced power at baseband and the first harmonic as observed on an RF
spectrum analyzer. The light from the delayed and phase modulated arms were
recombined via a coupler whose output was detected by an 11 GHz photo-detector
with an integrated trans-impedance amplifier. An Agilent real-time scope cap-
tured the output signal at 40 GSamples/s that was then fed into a computer for
off-line DSP processing as illustrated in Fig. 4.14c. Matched filtering was applied
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Figure 4.15: Simulation and experimental results for proposed Differential Self-
Coherent scheme with DQPSK at 5 Gbaud

to the baseband I-component and the demodulated Q-component.

In order to evaluate the PM detection technique, we also implemented a self-
homodyne, optical coherent receiver [8] as shown in Fig. 4.14b. The offline DSP
for Self-Homodyne was also shown in Fig. 4.14d. The two arms of the delay
interferometer were now fed into an optical 90° hybrid whose output light was
detected by a pair of 43 Gb/s photo-detectors with integrated TTAs. The I and
Q output signals from the photo-detectors were also captured by the Agilent

real-time scope at 40 GSamples/s for post-processing.

4.2.3 Simulation & Experimental results

The first VOA in the experimental setup adjusted the back-to-back optical power
in order to compare the receiver sensitivity of the PM detection method with the

self-homodyne optical receiver. We also performed simulations of both experi-
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mental systems in Fig. 4.14, and of a direct detection DQPSK receiver with two
DLIs [22, 23], using VPIphotonics software. The results were compared in terms
of the error vector magnitudes (EVM).

Figures 4.15a and 4.15b show the example experimental symbol constella-
tions for DQPSK (5Gbaud) at -30 dBm for the self-heterodyne receiver with PM
detection and the self-homodyne receiver with 90° hybrid, respectively. The ex-
perimental results show that the recovered DQPSK symbols have an EVM of 18%
with PM detection and 14.7% with the 90° hybrid. Figure 4.15¢ compares the
receiver sensitivity of the two methods. The plots show that PM detection has
a power penalty that is about 3 dB at 21% EVM in comparison with standard
coherent receiver. The simulation results in Fig. 4.15d are in general agreement
with the experimental results and confirmed the sensitivity reduction between
PM detection method and self-homodyne receivers. This is only a conceptual
simulation with the general models for photo-detector and ASE noise (or Gaus-
sian noise) from EDFAs. The simulation did not use the precise value of the
parameters of the components using in the experiment, or account for all types
of noise in the experiments. That leads to the discrepancy in the absolute values
in Fig. 4.15¢ (experiments) and Fig. 4.15d (simulation).

The 3dB penalty of PM detection method was primarily caused by the addi-
tional ASE beat noise from the EDFAs due to heterodyne demodulation. As in
Fig. 4.16, the accumulated number of noise photons after the EDFAs chain was
m(G — 1)ng, (where ng, is the spontaneous emission factor, m is the number of
EDFAs, and G is the amplifier gain) which is much greater than the number of
photons from shot-noise (1 photon) [7]. It is clear that the Carrier-to-Noise Ratio
s after EDFAs chain was largely defined based on ASE noise ( the shot-noise-

limit is negligible in such a system [7])

GN; N,
m(G —1)ng,,  mng,

Vs = (4.9)
Where N, is the number of photons per symbol. For self-homodyne, the
bandwidth of the received signal was equal to the Baudrate (5GHz) while the
bandwidth for Self-Heterodyne with PM detection was twice (10GHz if we used
baseband and first harmonic for 1&Q) as in Fig. 4.17. Consequently, the in-band
ASE noise of self-heterodyne with PM detection was double the in-band ASE
noise of self-homodyne. That leads to the 3dB penalty in Receiver Sensitivity of
Self-Heterodyne with PM detection comparing with Self-homodyne method.
Although there is a 3dB penalty associated with heterodyne demodulation un-

der ASE-limited condition, the coherent PM detection receiver offers not only the
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potential for a low-cost integrated solution but can also significantly simplify the
front end of optical coherent receivers. Moreover, this receiver configuration could
be feasibly migrated towards higher order modulation formats such as differen-
tial m-PSK and differential m-QAM without additional hardware implementation
requirements.

The PM detection scheme can be employed in a new coherent receiver as
illustrated by the block diagram in Fig. 4.18. The phase-modulated optical local
oscillator is combined with the received optical field via the 3 dB coupler. The
I and QQ components are recovered from the balanced detector output at base-
band and demodulated at the carrier frequency, respectively, through matched
filters. This configuration provides a trade-off between homodyne detection that
uses a 90° hybrid and two balanced detectors, and heterodyne detection that
uses a 3 dB coupler and one balanced detector plus I/Q demodulations at the
intermediate frequency [28]. The PM detection receiver thus offers the potential
for an integrated solution [29] to homodyne detection and for simplifying the

front-end of coherent optical receivers.
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4.3 A novel Baudrate-Pilot-Aided Quadrature Am-

plitude Modulation transmission scheme

Pilot-aided transmission has been shown to be an efficient method to solve laser
phase noise issues [30, 31]. In contrast with the fully optical coherent receiver
configuration, a direct detection receiver offers simpler hardware implementation
and only requires a single photo-diode (PD) integrated with a trans-impedance
amplifier . However the conventional direct detection system can only support
amplitude modulation formats as it is unable to fully recover the complex optical
field. In this section, we propose a novel pilot-aided transmission scheme with
direct detection. With the aid of a pilot-tone added before transmitting data over
the optical fiber channel, the scheme is able to cancel the laser phase noise and
recover data encoded on the complex optical field (both phase and amplitude),
while taking advantage of the simple direct detection receiver. We set the pilot
tone frequency at the baudrate and used matched filtering to recover the high-
order QAM symbols in the presence of very high levels of laser phase noise.
Through analytical model and experimental results, we demonstrate a pilot-aided
transmission system that employs different types of lasers, including the SG-DBR
laser, and direct detection for 16-QAM at 2.5 Gbaud. We will firstly review the
theoretical basis and numerical simulation for the proposed baudrate-pilot-aided
transmission scheme. The experimental results will then validate the proposed

transmission scheme.

4.3.1 Basic concept

The basic concept of Baudrate-Pilot-Aided QAM transmission involves transmit-
ting a pilot tone that is coherent with the optical carrier in order to provide a
phase reference at the receiver. Figure 4.19 illustrates the conceptual spectral
representation of the proposed transmission scheme. An optical pilot tone that
has identical phase properties with the optical carrier will be added to the QAM

modulated data before transmission as in Fig. 4.19a. The generation of the pilot
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Figure 4.19: Basic concept of Baudrate-Pilot-Aided transmission scheme.

tone can be performed: (i) digitally by a high speed DAC, (ii) optically by means
of optical comb generation, (iii) electrically by an oscillator or extracted from
system clock of the transmitter.

At the receiver, direct detection of the optically coherent data signal and pilot
tone would then cancel the phase/frequency noise of the transmitter laser. The
analytical model which will be presented latter explains this interesting charac-
teristics of the proposed scheme. Figure 4.19b depicts the conceptual spectrum
of the received signal after a square law detector - the photodiode. The desired
data will be “sitting” on the pilot tone due to the mixing term between the pilot
and the data on the optical carrier. Intuitively, the pilot tone should be placed
far enough from the optical carrier with a “guard band” so that this cross term
will not interfere with the base band component shown in Fig. 4.19b. This ap-
proach will cost some unused optical bandwidth for the guard band. For spectral
efficiency, we propose that the pilot tone frequency is set to coincide with the
baudrate, thus eliminating the guard band by placing the tone at the edge of
the main lobe of the symbol spectrum. In this case, the optical spectrum of
the desired data will significantly overlap the baseband spectral component as in
Fig. 4.19b. However, these two terms are orthogonal because the pilot frequency
is commensurate with the system baudrate. Consequently, the transmitted data
can be recovered by means of matched filters. The analytical model in this section

will explain this concept in more detail.

4.3.1.1 Analytical model

The complex baseband signal with pilot tone can be modeled as (for brevity, we

firstly ignore additive Gaussian noise)
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s(t) = A(t)e/PO+00] | Ceilent+00) (4.10)

where A(t) and ¢(t) are the symbol amplitude and phase, C' and w,(t) are
the amplitude and frequency of the pilot tone. The optically coherent symbol
and pilot are subjected to the same laser phase noise 6(t) of the optical carrier.
The square-law output signal from the photodiode is given by (assume a detector
responsivity of 1 A/W):

rpa(t) = s(t)s*(t) = [A%(t) + C% + CA(t)? !¢ L CA(t)ellmert o0l (4.11)

Equation 4.11 clearly shows the phase noise cancellation after detection thanks
to the presence of the pilot tone. The complex QAM symbol, A(t)e?®), can be
demodulated by mixing the direct-detected signal r,;(¢) with the complex pilot

tone e/») to yield:
(1) = rpa(t)e?rt = C A1)V 4 [A%(t) + C?ert + C A(t)edPrt=20l  (4.12)
The base-band QAM symbol could then be recovered from r,(¢) by means of

matched filtering with the pilot tone frequency chosen to be commensurate with
the baudrate, i.e., f, = 1/7", where 7" is the symbol duration:

1 mT 1 mT )
rm(mT) = —/ rp(t)dt = —/ CA(t)e 7Dt
T Jim—1yr T Jim—1yr
1 mT - 27t
+= / [A%(t) + C*e’ T dt (4.13)
T (m—-1)T

1 mT ) an
+ o / CA(t)e 90 eI F dt
T (m-1)T

The second and third terms in the above expression integrate to zero since
the period of the pilot tone and the symbol duration are commensurate. The
matched filter thus recovers the complex QAM symbols at the output samples:
Tm(m) = CA(m)e %0 (m — )T < t < mT.

4.3.1.2 Additive Gaussian noise analysis

In the following, the effect of noise is incorporated into the baseband signal model

in equation 4.10 as s(t) +n(t), where n(t) is the complex additive white Gaussian
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noise (AWGN). Assuming the laser phase noise 6(¢) is constant over the symbol

duration T, the noise contribution after matched filtering is given by:

npa(t) = [A(t)ej(¢(t)+9(t)) + Cej[wptw(t)]} x n*(t)
+ [A()e 7 COH0O) 4 CemIlrt O] 5 n(t) + n(t) x n*(t) (4.14)

np(t) = npa(t)e?r® = Cn(t)e 00 4
+ [n*(t) + 2A(t)Re{n*(t)ej[qb(t)w(t)}H eJert (4.15)
+Cn*(t) eI0(t) 72wy (1)

and:

N (MT) = 1 /mT ny(t)dt = 1 /mT [no(t) + ny(t) + ne(t)]dt (4.16)
T Jim-1r T Jim-1yr

The expressions for n,4(t), ny(t) and n,,(mT") correspond to the noise com-
ponents of the photo-detector output, the demodulated signal, and the matched
filter signal, respectively. n,,(mT) consists of the noise terms at baseband ng(t),
first harmonic n,(¢) and second harmonic ny(¢). The amplitudes of the transmit-
ted symbols and the pilot both contribute to a slight enhancement of the noise
level at the receiver. In practice semiconductor lasers have relative intensity noise

(RIN) as well that also affects the noise terms in equation 4.16.

4.3.1.3 Simulation

Baseband simulation has been carried out to validate the theoretical analysis and
to verify the immunity of the proposed scheme to the laser phase noise. The
simulated laser phase noise includes white-F'M noise, relaxation oscillation and
excess 1/ f* noise [18]. We deploy a 16-QAM system at 2.5 Gbaud with a 2.5 GHz
pilot tone. The simulations also accounted for the nonlinearity of the optical 1Q
modulator. Figure 4.20a depicts the simulated FM-noise spectrum with a white-
FM noise level of Sy = 1.6 MHz (the flat portion in the FM-noise spectrum)
corresponding to an intrinsic linewidth of 5 MHz, a relaxation oscillation at 8
GHz and a high level of excess noise below 100 MHz. The received symbol
constellations with and without the laser phase noise in Figs. 4.20b and 4.20c,
respectively, are identical, demonstrating that the scheme is immune to the laser

phase noise. The outer symbols show the effects of amplitude enhancement to
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AWGN as expected from equation 4.16.

The pilot-to-signal power ratio (PSR) is an important factor that would ef-
fectively affect the system performance [30]. In the simulation, we evaluate the
impact of the PSR and determine its optimum value for the experiments later.
Figure 4.21 illustrates the effect of PSR on the BER as well as the received SNR.
The optimum range for PSR varies from -2 dB to 4 dB for BER < 10~* and less
than 1 dB of SNR degradation.

4.3.2 Experiment Setup

We now evaluate the performance of the high order QAM baudrate-pilot-aided
systems when employing different type of lasers at the transmitter. Figure 4.22a
shows the experimental setup for a back-to-back pilot-aided system. In the static
scenario, the transmitter employed an external cavity laser, a distributed feedback

laser or an SG-DBR laser to evaluate the immunity of the proposed scheme to
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Figure 4.21: The impact of pilot-to-signal power ratio for 16-QAM at 2.5 Gbaud
(solid curve: BER performance, dash curve: SNR ).

different phase noise characteristics. The 2.5 Gbaud quadrature symbols with a
complex sinusoidal pilot tone at 2.5 GHz were generated in Matlab at 4 samples
per symbol as illustrated in Fig. 4.23a and loaded onto an arbitrary waveform
generator operating at 10 Gsamples/s. The AWG outputs were amplified to drive
the IQ modulator that was biased close to the null points. The driving signals
were carefully optimized to cope with the nonlinearity of the electrical amplifiers
and the optical modulator. The optical output power from the modulator was
adjusted by the first variable optical attenuator for the receiver input power. The
receiver consisted of two EDFA’s and two optical bandpass filters (OBPF) having
Gaussian profiles, with a second VOA maintaining an input optical power at 2
dBm into a 10 GHz photo-detector that has an integrated TIA. Figure 4.23b
shows the optical spectrum of the transmitted signal. The harmonics of the pilot
tone are largely due to the nonlinearity of the modulator.

A real-time scope captured the output signal of the photo-detector at a sam-
pling rate of 25 Gsamples/s. The sampled signals were then fed into a computer
for off-line digital signal processing as illustrated in Fig. 4.23b. The clock recovery
was firstly performed with the aid of training symbols. The captured signal was
then demodulated by multiplying with a complex sinusoid at 2.5 GHz, followed
by matched filtering for symbol recovery. The recovered symbols were normalized
and compensated for a constant phase offset prior to data demodulation. The
BER counting was then carried out on the demodulated bit streams, with 10°
bits counted for each BER value.

In contrast to the receiver simplicity in Fig. 4.23b, a fully coherent optical
receiver would require a front-end of a 90-degree hybrid with a laser LO and bal-

anced photo-detectors. The back-end DSP must perform complex algorithms for
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carrier frequency and phase recovery in addition to cycle slips correction that de-
pend on the QAM modulation formats and the laser phase noise characteristics.
Moreover, the receiver structure in Fig. 4.23b opens the possibility of upgrad-
ing widely deployed direct detection systems with the proposed low complexity

scheme that enables the use of advanced modulation format transmission.

4.3.3 System performance evaluation

As mentioned above, we evaluate the scheme with lasers having different phase
noise characteristics: (1) a 50 KHz linewidth ECL at 1547 nm, (2) a 10 MHz
linewidth DFB laser at 1540 nm, and (3) an SG-DBR tunable laser with a white
FM noise level corresponding to a 300 KHz linewidth. Again, biasing the passive
tuning sections of the SG-DBR laser resulted in large excess 1/f® noise that
has been shown to significantly degrade the performance of coherent systems,
specifically at low baud rates as in previous sections. Figure 4.24 shows the
example recovered symbol constellations that differ only slightly for the three
different lasers with the baudrate-pilot-aided scheme. The symbols are slightly
elliptical due to nonlinearity from the electrical driving amplifiers and the 1Q
optical modulator which also exhibits non-perfect orthogonality that could not
be completely compensated by the receiver DSP. The BER at -20 dBm sensitivity
is well below the FEC limit of 3.8 x 1073 and is within a factor of two for all
three lasers. In contrast, a coherent system employing 16-QAM would require
very narrow linewidth lasers such as the ECL for 2.5 Gbaud.

Figure 4.25 compares the back-to-back BER performance of the pilot-aided
scheme for the three different lasers. The plots show similar performance for
all three lasers despite their different phase noise characteristics. The operating
wavelength of the tunable SG-DBR laser varied from A\ = 1547.9nm when the
gain section was biased at I, = 120mA, to A = 1541.8nm when both gain
and back sections were biased, and A = 1551.5nm when biasing all four sections,
yielding increasing levels of excess FM noise. The performance difference between
the lasers is attributed to the disparity in the demodulated noise enhancement
that depends on the output power of the lasers, their RIN noise, and receiver
noise as discussed previously. The experimental results confirm that the proposed
baudrate-pilot-aided scheme is highly immune to the laser phase noise.

To recap, a baudrate-pilot-aided transmission with direct detection scheme
for high-order QAM formats has been proposed and demonstrated through ana-
lytical modelling and experimental results. The low complexity receiver is highly
immune to the laser phase noise. The proposed scheme was demonstrated for a
16-QAM system operating at 2.5 Gbaud and employing an SG-DBR laser with

101



Amplifier

G—l
AWG| *M/_G_\

Laser under test

Amplifier

2nm 2nm

B B2 E<B—<2-

Real Time S?:;e VOA OBPF EDFA OBPF EDFA VOA

(a)

10k ‘ ‘ f ]
-25
A0k X

354

Power (dBm)

-50
_55,

1547.86 1547.91 1547.96 1548.01 1546.06 154611 154816
Wavelength (nm)

(b)

Figure 4.22: (a) Experiment setup for baudrate-piloted-aided scheme for 16-QAM
at 2.5 Gbaud; (b) Optical spectrum of transmitted signal (optical resolution band-
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Figure 4.25: BER of 16-QAM baudrate-pilot-aided systems at 2.5 Gbaud utilizing
the three different types of lasers.

large excess phase noise.

4.4 Summary

In this chapter, we have extensively examined the significant impacts of the com-
plicated phase noise processes of the SG-DBR lasers in a coherent optical com-
munication system employing high order modulation formats. We confirmed that
while the white FM-noise has been determined to largely define the lower bound
of BER performance, the system operation could potentially be impaired by the
excess laser phase noise. We have then examined the robustness of a second-
order DD-PLL phase tracking technique in a coherent system employing 16-QAM
modulation format at 16 Gbaud to overcome this issue. The experimental results
present the ability to employ monolithic tunable lasers for high order QAM mod-
ulation formats with coherent systems. The cycle slip effects of a SG-DBR. laser
in a 10.7 Gbaud QPSK transmission system with well-known phase noise tracking
algorithms is also investigated. A new CS detection/correction method has then
been developed to solve this problem.

Subsequently, we proposed and demonstrated a coherent self-heterodyne re-
ceiver based on PM detection for DQPSK modulation to effectively overcome the
phase noise issue of the SG-DBR lasers. The new coherent PM detection receiver
not only offers the potential for a low-cost integrated solution but can also sig-
nificantly simplify the front end of optical coherent receivers with the feasibility
of migrating toward higher order modulation formats. A baudrate-pilot-aided

transmission with direct detection scheme for high-order QAM formats has also

104



been proposed. The low complexity receiver is highly immune to the laser phase
noise. The proposed scheme was demonstrated for a 16-QAM system operating
at 2.5 Gbaud and employing an SG-DBR laser transmitter. Besides the above
advantages, the baudrate-pilot-aided transmission scheme has its own drawbacks.
These include wasting additional optical power in the pilot tone and having higher
requirement on the SNR of the received signal. These disadvantages would also
need to be taken into account when designing a communications link with the
proposed method.

As the optical communications networks moving towards advanced modula-
tion formats and fast re-configurable networks, the next chapter will be dedicated
to investigating the use of the SG-DBR lasers in a fast-switching optical packet
network employing the above advanced modulation formats. The performance
degradation of such a system during and after a wavelength-switching event of a

SG-DBR laser transmitter will be intensively investigated.
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Chapter 5

Optical Packet Switching with

Advanced Modulation Formats

As discussed in the previous chapters, to address the capacity crunch in optical
networks, spectrally efficient transmission schemes employing high order quadra-
ture amplitude modulation formats with coherent detection are being extensively
explored as the potential candidates for next generation optical networks [1]. In
addition, rapid reconfiguration of the optical network with optical packet/burst
switching technology allows the amplification bandwidth of the fiber to be used
more efficiently [2, 3, 4]. Combining coherent transmission techniques with opti-
cal packet /burst switching technology can enable optical networks that are highly
efficient both temporally and spectrally. Optical packet switching that employs
fully coherent detection for PM-QPSK |[2], self-homodyne detection for DQPSK
[3, 4], 16-QAM polarization multiplexed pilot with self-homodyne coherent de-
tection [5], or 16-QAM Baudrate-Pilot-Aided transmission scheme with direct
detection [6] have been recently reported.

As discussed in chapter 1, one of the potential optical networks configuration
employing optical packet/burst switching with advanced modulation formats is
as follows: At the optical transportation layer, we make use of fast-tunable op-
tical transceivers in the optical nodes. These tunable transceivers can switch to
or select an available wavelength on the ITU-grid that is used to transmit or
receive the data optical packets. Obviously, the key component in fast-tuning
transceivers will be the fast-wavelength-switching tunable lasers, and the SG-
DBR laser is a potential choice as discussed previously. However the consider-
able phase/frequency noise in SG-DBR lasers would fluctuate even more during a
wavelength switching transient in this highly dynamic network scenario, especially
for short optical packets. In this chapter, we will investigate the performance of

the system emulating the optical packet switching scenario utilizing advanced
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modulation formats. We will firstly examine such a system with DQPSK modu-
lation format at 10.7 Gbaud in section 5.1. In section 5.2, we then move to optical
packet switching systems employing higher order QAM modulation format with
the proposed Baudrate-Pilot-Aided transmission scheme in the previous chapter.

The last section, section 5.3 will conclude the chapter.

5.1 Optical packet switching with Self-Homodyne
DQPSK

Wavelength switching times of less than 5ns have been demonstrated using the
SG-DBR laser [7| making it suitable for optical packet switching, however its
significant phase noise level may reduce its suitability if phase-shift-keying based
advanced optical modulation formats are employed in the optical packet switched
network. Even though the DQPSK modulation format with direct detection has a
high tolerance to laser phase noise, this transmission scheme still suffers from the
high level of phase/frequency instability during the wavelength switching event
of the SG-DBR laser. In this section, through detailed experimental studies,
this performance degradation during the transient state of the emulated optical

packets is investigated.

5.1.1 Experiment setup for time resolved BER measure-

ment

The experiment setup to investigate the performance of DQPSK transmission
system during transient and steady states of a wavelength switching event is
illustrated in Fig. 5.1. We demonstrate a 10.7 Gbaud DQPSK transmission
system employing an SG-DBR transmitter. The SG-DBR laser was a simple
butterfly packaged device without a wavelength locker, micro-controller or other
circuitry, thus giving a realistic account of the device capabilities. The back mirror
current was biased to operate with single mode static operation at wavelengths
1553.54 nm or 1547.3nm respectively. An IQQ modulator (biased close to the null
points) was driven by the complementary PRBS outputs of a 10.7Gb/s Pulse
Pattern Generator (PPG) de-correlated by 12 bits using an electrical delay. The I
and Q electrical driving signals were lowpass filtered and amplified before entering
the IQ modulator. The modulated optical output is then passing through a two-
stage optical pre-amplified receiver as in Fig. 5.1. A 10.7Gb/s one-bit-delay
interferometer was implemented at the receiver side to differentially demodulate

the in-phase or quadrature data independently.
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Figure 5.1: Experiment setup for time resolved BER measurement

To emulate an optical packet switching scenario, instead of a constant bias
current to the Back section of the SG-DBR laser as in the static scenario, a square
wave of 10MHz was used to drive the back section of the SG-DBR laser to switch
between the two wavelengths (corresponding to 50ns data packets). The desired
optical channel (wavelength) is selected by means of the narrow band optical
filter at the front-end of the receiver as in Fig. 5.1. We then measured the time
resolved BER during this process. To do so, the Error Detector (ED) was gated
with 5ns pulses that could be varied in position with respect to the packet. The
pulse generator and the oscilloscope were both triggered by the switching signal.
The measurement results for both static and dynamic switching scenarios are

presented in the next subsection.

5.1.2 Measurement results

Firstly, for the static scenario, the BER was measured separately for the I and Q
components of the received signal at each wavelength (1553.54nm and 1547.3nm)
as shown in Fig. 5.2a. Receiver sensitivities of between -29dBm and -30dBm at
a BER of 107 were observed for I and Q on each channel. As illustrated by the
results, we have the system operating well with stable performance in a static
scenario. We then switch the operating wavelength of the SG-DBR laser between
the two channels as described in the previous subsection. Figure 5.2b depicts the
average optical spectrum observed from an optical spectrum analyzer (OSA) for
the two optical channels when applying wavelength switching.

For the dynamic switching scenario, the time resolved BER performance dur-
ing the switching event are shown in Fig. 5.2c. It can be seen that the time

required to switch from 1547.3 nm to 1553.54 nm and obtain error free transmis-
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the amplitude of the optical packets (dash gray line) for the switching event of
SG-DBR laser
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sion at this wavelength was approximately 12 ns while it takes approximately 24
ns to switch back to 1547.3nm. The upper figure in Fig. 5.2d shows the example
oscilloscope traces of the measured data packets while the lower figure represents
the error free transmission windows for the two optical channels.

Even though the SG-DBR lasers take about 5ns to switch from one wavelength
to the other wavelength, it would take longer time for the frequency/phase of the
optical output to settle down. The performance degradation during the transient
stage can be attributed to the phase/frequency instability during the switching
event. We then performed the phase/frequency instability measurement for wave-
length switching events of the SG-DBR laser using the Self-Homodyne method
with coherent receiver to clarify the above results. Similarly, the Back section was
used to switch the wavelength as in the system experiments but at lower switching
frequency, 1 MHz, for longer observation time. The instantaneous frequency was
then calculated from the captured E-field. Figure 5.3 shows the instantaneous
frequency (superimposed on captured data in gray dash line) during a wavelength
switching event. The result shows that it would take less than 25 ns for the in-
stantaneous frequency from the tunable laser to be within 500MHz of its target
frequency, corresponding to the time for the DQPSK system obtain error free

transmission after the wavelength switch as in the system experimental results.

5.2 Optical packet switching with Baudrate-Pilot-

Ailded modulation scheme

As demonstrated in chapter 4, the Baudrate-Pilot-Aided transmission scheme
with direct detection has the advantage of immunity to laser phase/frequency
noise. Obviously, this transmission scheme is highly suitable for optical packet
switching networks where the phase/frequency of the optical carrier in each packet
fluctuates strongly. Specially when the optical packets become shorter (for higher
throughput of the entire network), the optical carrier might not be able to settle
down sufficiently quickly to permit advanced modulation format transmission in
the packet. In this section, we will investigate the system performance of the
emulated optical packets in a switching network utilizing 16-QAM Baudrate-
Pilot-Aided transmission at 2.5 Gbaud.

5.2.1 Experiment setup

The experiment setup is shown in Fig. 5.4 and is similar to the setup for Baudrate-

Pilot-Aided transmission in the preceding chapter except some changes for the
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Figure 5.4: Experimental setup for baudrate-piloted-aided scheme for 16-QAM
at 2.5 Gbaud for optical wavelength switching scenarios.

optical packet switching scenario. We investigate the performance of the proposed
scheme in a dynamic scenario corresponding to a wavelength switching event of
the SG-DBR laser. The optical packet switching was emulated by driving the
back section of the SG-DBR device with a 1 MHz clock signal that has the high
and low voltage levels adjusted for wavelength switching between A\ = 1547.9nm
and A = 1541.8nm. The gain section bias was kept at 120 mA throughout the
experiment. The first optical bandpass filter was used to select the required
channel. No power penalty was observed when the bandwidth of the optical
band pass filter varied from 1 nm to 0.4 nm (as would be employed in a 100
GHz ITU-grid system). Figure 5.5 shows the example received optical packets at
the photo-detector output over a 12us time interval. A trigger signal from the
AWG to the real-time scope, as shown in Fig. 5.4, supports clock recovery for

the selected packet.

5.2.2 Measurement results

At 2.5 Gbaud with 16-QAM modulation format, the dynamic BER was found
to reach stable performance after a transient period of 4.8 ns, or 12 symbols,
following a wavelength switching event. Figures 5.6a and 5.6b display the sym-
bol constellations of the recovered optical packets in Fig. 5.5 with and without
the 12 transient symbols, respectively, immediately after the laser has switched
wavelength.

The aggregated BER counting was carried out over 12 optical packets, each

excluding the 12 transient symbols following the wavelength switching event.
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Figure 5.7 shows the aggregated BER versus OSNR for the wavelength switch-
ing packets that compares very well to the static BER. The results demonstrate
that with the proposed pilot-aided scheme, the dynamic performance reaches the
stable condition without any degradation within 12 symbols of a switching event.
This is in spite of the inevitable laser frequency transients that have been found
to degrade the performance of DQPSK in wavelength switching applications [4].
We note that coherent detection can support optical packet or burst switching
with about an 8 dB improvement in receiver sensitivity. However, the receiver
complexity would be higher and the duration of a switching transient would last
much longer than 12 symbols, with the DSP taking a few hundred symbols to
achieve the steady state performance [8]. This would greatly reduce the network
throughput as the time required after a laser switching event for successful data
transmission could be as high as hundreds of nano-seconds. Furthermore, coher-
ent detection of high-order modulation formats is significantly affected by laser
phase noise and requires very narrow linewidth laser for both transmitter and
receiver LO lasers as discussed in the previous chapter.

To recap, the baudrate-pilot-aided transmission with direct detection scheme
for 16-QAM modulation formats has shown that the low complexity receiver is
highly immune to the laser phase noise and well suited for fast optical packet
switching. The proposed scheme was demonstrated for a 16-QAM system op-
erating at 2.5 Gbaud and employing an SG-DBR laser with large excess phase
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noise. The system reached the steady state operation in less than 5 ns following
a switching event. Compared with an optical packet (burst) coherent receiver,
the proposed scheme with its spectrally efficient pilot tone employs low complex-
ity receiver and DSP implementation, and has the ability to migrate to higher

modulation formats and baud rates.

5.3 Summary

In this chapter, we have examined the performance of the emulated optical packet
switching scenario using the SG-DBR laser as a fast-wavelength-switching device.
These systems employed advanced modulation formats which offer high spectral
efficiency to increase the total throughput of the entire optical network. The
performance degradation during the transient stage of the wavelength switching
events, corresponding to the beginning of the optical data packet, has been ob-
served and investigated. The instability of laser emission frequency along the
optical data packet results in performance degradation of the system employing
DQPSK modulation format.

To overcome the above issue, we then proposed and investigated the perfor-
mance of the Baudrate-Pilot-Aided high order QAM transmission scheme with
direct detection for optical packet switching networks. The proposed scheme
significantly improves the system performance during the transient stage of the
wavelength switching event, which satisfies the need to migrate to higher order
modulation formats such as 16-QAM or 64-QAM. Experimental results in this
chapter with 16-QAM at 2.5 Gbaud have confirmed this proposed solution.
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Chapter 6
Conclusions and Future Directions

The state-of-the-art optical transportation networks are moving to provide better
communications services with higher total capacity and lower latency in the en-
tire network. Advanced modulation formats accompanied by highly agile optical
networks would enable the ability to cope with the above targets for a future com-
munications network infrastructure. The aim of this thesis is to address some of
the important challenges that need to be tackled for the implementation of both
advanced optical modulation formats and fast re-configurable optical networks
in the near future. In this chapter, we will summarize the achievements of the

research presented in this thesis and also discuss future research directions.

6.1 Conclusion

Through chapters 1-5 in this thesis, we have extensively investigated the applica-
tion of spectrally efficient optical modulation formats in future fast re-configurable
optical networks. Firstly, we reviewed the current state of the art of optical trans-
portation networks. The fundamental limit of the optical networks with the recent
research and development trends have been revised. We then propose that one
effective way to further increase the total throughput of the entire optical trans-
portation network is to combine the advanced optical modulation formats with
optical packet/burst switching networks. The key component in such a system is
the fast-wavelength-switching monolithic tunable laser, particularly the Sampled-
Grating Distributed Bragg Reflector laser. However as demonstrated previously,
SG-DBR lasers experience sophisticated phase noise properties that would signif-
icantly impact their performance within systems which use advanced modulation
formats. I then proposed and experimentally demonstrated a few approaches to
overcome these issues. Finally, the application of the SG-DBR lasers in optical

packet switching networks employing advanced modulation formats have been ex-
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amined. The key findings resulting from this research are summarized as follows.

6.1.1 Device perspective

The SG-DBR laser device exhibits complicated phase noise characteristics. Firstly,
we reviewed the fundamentals of phase noise in semiconductor lasers and then
developed the theory for the multi-section monolithic tunable lasers. The theo-
retical phase/frequency noise of the SG-DBR laser consists of: (1) the Schawlow-
Townes-Henry phase noise (quantum noise followed a random-walk process in
phase, also call white FM-noise) with relaxation oscillation above 5GHz; (2) the
filtered FM-noise from the dynamics of the carriers in passive sections (tuning
sections); and especially the low frequency noise including the flicker 1/f noise
and the frequency random-walk 1/f? noise. Accurate phase noise measurement
methods have been demonstrated and confirmed the phase noise processes in
SG-DBR lasers. By looking at the detailed phase noise measurement results, we
were able to resolve the contributions of the individual phase processes which will
be useful for understanding their origin, and proposing techniques to reduce the
phase noise in SG-DBR lasers.

The filtered FM-noise could be reduced through a careful laser design process
to optimize the laser structure when the phase noise property was targeted. The
noise from the current source injecting into the passive sections is one of the
contributions to the filtered FM-noise and the low frequency noise (the 1/f“
noise). A careful design for low noise current sources (especially for injecting
into passive sections) would help to improve the spectral purity of these tunable

lasers.

6.1.2 Communication Systems perspective

The detailed understanding of phase noise properties of the SG-DBR lasers sup-
ports the extensive investigation of the performance of optical communication
systems with advanced modulation formats employing this type of tunable laser.
Experimental results confirmed that the white FM-noise basically defines the
lower limit for the BER performance of the coherent communications systems
while the low frequency 1/f® noise in the SG-DBR lasers will potentially in-
crease the instability of the system performance in term of BER and cycle slip
probability.

Novel transmission schemes with advanced DSP algorithms have been pro-
posed to effectively overcome these issues. For fully optical coherent reception, a

second-order DD-PLL can be deployed to simultaneously track the fast phase and
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low frequency noise of the SG-DBR lasers. For self-coherent reception, a novel
coherent self-heterodyne receiver with PM detection technique has been shown
to give very high laser phase noise tolerance and be able to move to higher order
modulation formats. For direct detection, a Baudrate-Pilot-Aided QAM trans-
mission scheme was proposed and proved its robustness to any phase/frequency
noise processes in the SG-DBR laser, while offering a high spectral efficiency

solution for pilot-based communication systems.

6.1.3 Optical packet switching networks perspective

The performance degradation during the transient state of a wavelength switching
event of the SG-DBR lasers has been examined. Experimental results show that
the optical packet switching systems employing DQPSK modulation format would
require tens of nano-seconds to achieve error-free transmission after a wavelength
switching event. Even though the SG-DBR lasers take less than 5ns to switch
from one wavelength to another, it would take a longer time (10s of ns) for
the frequency/phase of the emission optical field to settle down . In this case,
the Baudrate-Pilot-Aided QAM transmission scheme would be the most suitable
solution due to its immunity to large phase/frequency fluctuations of the laser
field. Experimental results confirmed that this transmission scheme can reach its

static performance within 5 ns after the wavelength switching event.

6.2 Future research

From the current achievements of this research, some of future research directions

would be as follows.

6.2.1 Devices perspective

A more complete mathematical model for monolithic tunable lasers would need to
be developed to obtain a deeper understanding of the original physical processes
of laser phase noise. The new model would account for more device parameters
in terms of device structure and material of different sections in the tunable laser.
This would allow us to compare the extensive characterization of the fabricated
devices with the results from these models. Optimizing the monolithic device
structure by targeting laser phase noise properties would be a challenging research
direction.

Photonic integration for the transmitter and receiver used in coherent com-

munication systems would also need to be carefully investigated. In the mean
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time, the peripheral electronic circuits for biasing, driving, temperature condi-
tioning, etc. would need to be extensively re-examined. The final research target
would be an integrated solution for the compact fast-tuning optical transceiver
that would effectively realize the optical nodes for an all optical packet switching

network.

6.2.2 Communication Systems perspective

In parallel with device research and development, advanced DSP for both the
transmitter and receiver would need to be improved to optimize the ultimate sys-
tem performance. Especially, for the fully coherent systems, advanced phase/frequency
tracking algorithms in combination with a robust cycle sip correction method
would require more intensive efforts to bring the monolithic tunable lasers to the
commercially coherent communication applications. The total spectral efficiency
of the networks would be significantly increased with space-division-multiplexing.
A combination between advanced modulation formats with SDM and optical
packet switching would drive a very interesting research direction with more chal-
lenges.

The baudrate-pilot-aided QAM transmission scheme with direct detection
demonstrates a potentially commercial application for a low cost optical com-
munication link. The proposed system would however require more detailed
investigation into the hardware implementation that would be required. Even
though the transmitter and receiver of such a system have been demonstrated
digitally in this thesis with high sampling rate equipment, an analog solution
for this low cost system is feasible and would be an interesting potential future
research direction. It would be also interesting to develop the efficient analog cir-
cuitry for the functional blocks in this transceiver such as the pilot adding block

for transmitter, clock recovery, match filter, etc.

6.2.3 Optical packet switching networks perspective

Developing advanced DSP to reduce the required settling time after the wave-
length switching event for optical packet would require further investigation. The
complex algorithms to compensate for the strongly fluctuating parameters during
the transient time of the optical packet such as frequency, phase or polarization
(in fully coherent systems) would need to be improved to increase the efficiency
while reducing the computational cost. Adaptive modulation formats would also
be a good solution to pursue in the future research to solve these problems.

The optical packet switching transportation networks would require a more ef-
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ficient architecture for the upper network layers such as the network management
layer. Software Defined Networks (SDN), which currently attracts considerable
research and development effort, could be intensively investigated to adapt with
this future optical network configuration. In addition, for future systems involv-
ing space-division-multiplexing, the network configuration would become very

complex and that would also require an optimal network architecture design.
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