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Chapter 1

Introduction

1.1. Demand for optical regeneration in optical fiber
telecommunications

Telecommunication networks have been facing rapid increases in traffic demands
due to the tremendous growth of the Internet, the World Wide Web and the
telephone services. In order to fulfil these increasing demands, two generations of
high-capacity optical networks have been developed. In the first generation
networks, optical fiber is used to replace the copper cable to get higher capacities.
All the switching and other intelligent network functions are handled by electronics.
Examples of first-generation optical networks are SONET (synchronous optical
network) and the essentially similar SDH (synchronous digital hierarchy) networks,
which form the core of the telecommunications infrastructure in North America and
in Europe and Asia, respectively, as well as a variety of enterprise networks such as
ESCON (enterprise serial connection). In second-generation optical networks, some
of the routing, switching, and intelligence are moved into the optical layer, and the
techniques of wavelength division multiplexing (WDM) and electronic time division
multiplexing (TDM) are employed to increase the capacity and make the network
cost effective. The key network elements that enable optical networking are optical
line terminals (OLTs), optical add/drop multiplexers (OADMSs), and optical
crossconnects (OXCs). An OLT multiplexes multiple wavelengths into a single
signal onto a single fiber and demultiplexes a multi wavelength signal into
individual wavelength channels on separate fibers. OLTs are used at the ends of a
point-to-point WDM link. An OADM takes in signals at multiple wavelengths and
selectively drops some of these wavelengths locally while letting others pass
through. It also selectively adds wavelengths to the composite outbound signal. An
OADM has two line ports where the composite WDM signal is present, and a
number of local ports where individual wavelengths are dropped and added. An
OXC essentially performs a similar function but at much larger sizes. OXCs have a
large number of ports (ranging from a few tens to thousands) and are able to switch
wavelengths from one input port to several output ports. Both OADMs and OXCs
may incorporate wavelength conversion capabilities. The second-generation optical
networks are already being deployed. OLTs have been widely deployed for point-to-
point applications. OADMs are now used in long-haul and metro networks. OXCs
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are beginning to be deployed first in long-haul networks because of the higher
capacities in those networks.

It is well known that signals propagating over optical fiber networks are
significantly distorted due to a combined effect of amplifier noise accumulation,
fiber dispersion, fiber nonlinearity, and inter/intrachannel interactions, which results
in serious limits in both capacity and range of the system transmission. This is
especially the case in advanced WDM-based optical networks, where many channels
at different wavelengths and each carrying signals of up to 40 Gbit/s are sent
through long stretches of fiber and are traversing a number of optical amplifiers and
switches. Regardless of the transmission formats (RZ, NRZ, or Chirped RZ), the
induced distortion is reflected in three main types of signal degradation: intensity
noise, timing jitter, and pulse-envelope distortion [1]. Intensity noise might be more
accurately referred to as the uncertainty in the energy content of a given bit slot.
Fiber chromatic dispersion coherently mixes the contents of adjacent bits, optical
amplification causes beat noise with spontaneous emission, fiber nonlinearities
introduce information-dependent power transfer between WDM channels, all
resulting in irreversible bit-energy fluctuations. Timing jitter is the uncertainty in the
pulse-mark arrival time, or a synchronization default with respect to the bit stream.
The main causes for timing jitter are nonlinearities of self-phase modulation (SPM),
cross-phase modulation (XPM), polarization-mode dispersion (PMD), and for RZ
formats, the Gordon-Haus and electrostriction effects [2]. Pulse distortion can be
viewed as an irreversible change in the pulse envelope which increases the
probability of symbol detection error. A most obvious pulse distortion effect is the
fill-up of "0"-symbol spaces by amplified spontaneous emission (ASE), thus
reducing the on/off extinction ratio. Fiber nonlinearities (SPM, XPM), four-wave
mixing (FWM), stimulated Raman scattering (SRS), and PMD are the essential
causes of pulse-envelope distortion.

In order to limit the above impairments, an efficient and powerful solution is that the
signals are regenerated at intermediate nodes. This can be realized in two ways for
given system impairments from amplifier noise and fiber nonlinearities after some
transmission distance. The first, the electronic regeneration, consists in segmenting
the system into independent trunks, with full electronic repeater/transceivers at
interfaces. The second is inline optical regeneration, which performs the same
signal-restoring functions as the electronic approach, but with reduced complexity
and enhanced capabilities. Besides, several other methods have also been adopted so
far: improving the transmission format (e. g. , Chirped RZ vs. NRZ in submarine
systems) or reducing power levels [3]. At the terminal side, the introduction of error-
correcting codes (ECCs) has made possible high levels of received signal quality
(BER < 107), while allowing relatively substantial signal degradation through the
transmission line [4].

The electronic regeneration has been widely used in the networks being deployed
today. In the electronic regenerators (as seen in Fig. 1-1), the incoming optical signal
is converted to the electrical domain by means of a high-speed photodiode. Signal
regeneration/processing is then achieved using broadband RF circuitry, after which
the regenerated electrical signal is converted back in the optical domain using an
electrooptical modulator coupled with a laser diode. As seen, complete integration
of such an architecture is rather complex. As the bitrate increases, electronic
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regenerators become very expensive and physically more difficult to realize due to
the electronic bandwidth bottleneck. To our knowledge, no electro-optical
regenerator has been experimentally tested yet at 40 Gbit/s line rate.

All-optical regeneration is a very promising technique in the evolution of high
bitrate systems, thanks to its strong potential for compact integration and very high
bandwidth. All-optical regeneration has been one of the most attractive fields of
optical fiber communications research. It is now generally accepted that all-optical
regeneration will be the key technique in the next generation all-optical high bitrate
networks.

In optical regeneration, there are three basic signal-processing functions:
reamplifying, reshaping and retiming, as seen in Fig. 1-2, hence the generic acronym
3R. Thus, optical amplification (such as with erbium-doped fiber amplifier-EDFAs)
provides a mere 1R signal-processing function. When retiming is absent, one usually
refers to the regenerator as a 2R device, with only reamplifying and reshaping
capabilities. A device with the full 3R capabilities is called a 3R regenerator and
requires clock extraction. This PhD research focuses on all-optical 2R regeneration.

There are various ways of defining optical regeneration. It can refer to pure
optical/optical signal processing. The all-optical label usually refers to the case
where the regenerator subcomponents are optically controlled.

RF preamplifier clock recovery

Signal IN Signal OUT

Photo- Power RF Integration Laser
detector amplifier  decision diode

Fig. 1-1 Basic setup of electrooptical regenerator.

Input signal

o Signal

Time

Fig. 1-2 Illustration of 3R regeneration: reamplification, reshaping, and retiming.
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1.2. Existing implementations of optical 2R regeneration

1.21 Generic operation principle of all-optical 2R regeneration
based on a nonlinear transfer function

The generic principle of the all-optical 2R regeneration based on a nonlinear transfer
function is shown in Fig. 1-3. The device is assumed to exhibit a nonlinear transfer
function. At the low input powers, the output of the device remains at a low and
steady level. Once the input power exceeds a certain power level, i. e. the decision
threshold, the output rises rapidly up to a steady high level. When the noisy signals
to be regenerated are launched into the device, the intensity noise at both "0" and "1"
symbols is thus suppressed (i. e. the noise is redistributed) and the extinction ratio
(ER, definition seen in the following section) is simultaneously improved. The input
noisy signals are regenerated. In the 2R regeneration above, the regenerated signals
have the same polarity as the input signal, which is referred to as non-inverted
regeneration. If the nonlinear transfer function converts logical ones to zeroes and
vice versa, the regenerated signal will be of opposite polarity. The regeneration is
referred to as inverted regeneration.

N Nonlrigzs(r)rt]r:gSfer Output signal
- 7 01 01 001
§ / - e
-
o
%% [T R
Ihput powe:r Time "
: i » Suppressing noise
5! E:! o » Increasing ER
— =
v Input signal

Fig. 1-3 Generic principle of 2R regeneration based on nonlinear transfer function.
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BER in concatenated non-linear repeaters
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Fig. 1-4 Evolution of the BER with concatenated regenerators for different nonlinear transfer function (i.
e. y parameter). (Ref. P. Ohlén and E. Berglind, IEEE Photon. Technol. Lett. , Vol. 9, No. 7, pp. 1011-
1013, 1997).

Clearly, the nonlinear transfer function of the device is the key parameter that
governs regenerative properties. It has been shown theoretically that the highest
regeneration efficiency (as obtained when considering the less-penalizing
concatenation of regenerators) is achieved with an ideal step function [5]. Fig. 1-4
shows the theoretical evolution of bit-error-rate (BER) with the number of
concatenated regenerators for regenerators having different nonlinear transfer
functions. The calculation however does not account for dynamic effects or jitter
impact in the regenerator cascade. The degree of nonlinear function is characterized
through the factor y, which changes the shape of the nonlinearity from a step
function (y = 0) to a linear function (y = 1). The noise level is adjusted so that the
output BER is fixed to 10°'? after a single regenerator. As seen in the figure, the
smaller the y, the lower the BER and the larger the cascade can be. The optical 2R
regenerator with quasi-ideal nonlinear function is therefore of great importance.

1.2.2 Qualification of optical 2R regeneration

The qualification of the regenerative capabilities of a 2R device basically consists of
the evaluation of a limited number of key-parameters such as ER, input power
fluctuations, polarization sensitivity. This is practically accomplished by measuring
the eye-diagrams and BER. The ER is here defined as Ps(1)/Ps(0), the ratio of the
powers (electrical) for "1"-symbols and "0"-symbols. As mentioned in the previous
section, the fill-up of "0"-symbol spaces by the ASE degrades the ER. ER
improvement achieved with a 2R device proves its regenerative capability. (Note
that a mere optical amplification can not result in any ER improvement). The BER is
defined as the probability of incorrect identification of a bit by the decision circuit of
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the receiver, i. e. the sum of the probabilities of a "1" bit being read as "0" and vice
versa. The BER is the ultimate test for a digital transmission link. A transmission
link is typically characterized by BER as a function of received power. The
minimum average power required at the receiver to get a given BER (typically 107,
or 1019 is referred to as receiver sensitivity. If, for a given BER and due to
transmission impairments, more power is required at the receiver, the additional
power is called power penalty. Improvement of receiver sensitivity (negative power
penalty) for degraded input signals or lower power penalty for "perfect" input
signals, due to the insertion of the 2R device, also proves the regenerative capability
of the 2R regenerator.

Certainly, validation of the structure and operation margins, the high bitrate
potential, and cascadability issues are also important aspects of the qualification of
the 2R regenerators.

It should be pointed out that optical regenerators can not "correct”" errors but can
only avoid for noise and other impairments to accumulate. This is because a 2R
regenerator is essentially a decision circuit. Ideally, the optical regenerator should be
tested also in a recirculating loop [6], especially for 3R regenerators. In that
measurement, one might qualify regeneration performance through the evolution of
the receiver sensitivity penalty at fixed BER with respect to key relevant parameters,
such as optical signal-to-noise ratio (OSNR). Evaluation and comparison of
regenerative properties then amounts to measuring the minimum OSNR,
corresponding for example to 1 dB penalty on the receiver sensitivity with respect to
the first lap, which is tolerated by the regenerative apparatus throughout the cascade.
This measurement then reflects the accumulated effects of all degrading factors
occurring in the transmission, such as chromatic dispersion, timing jitter
accumulation, and amplifier noise, and hence enables the extraction of the actual
regenerative performance of the tested device.

Considering the 2R regenerators in this PhD research, however, we focus on the
qualification of regenerative capabilities by measuring the ER improvement, the
BER reduction or the receiver sensitivity improvement; quantities which are often
used in recent research on optical regeneration. Actually, it will be explained in the
following chapters that due to the fact that a pass-through scheme works inherently
in the non-inverted scheme and the component is based on self-gain-modulation, a
red shift will occur at the leading edge and a blue shift at the trailing edge. This is
the desired chirp behaviour for a propagating pulse. With improvements in both ER
and receiver sensitivity, we can state that the tested device should be able to work in
a cascade in order to have the signal propagated over large distances, which means
the device could deliver an efficient regeneration.

1.2.3 State-of-the-art optical 2R regeneration techniques

In recent years, several techniques for optical 2R regeneration have been proposed
and experimentally demonstrated. These techniques make use of SOA-based
interferometers (e. g. , SOA-based Mach-Zehnder or Michelson interferometer,
SOA-based ultra-fast nonlinear interferometer-UNI), multi-section lasers (e. g. ,
multi-section Q-switched laser or DFB laser), and saturable absorbers, respectively.
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Optical 2R regeneration using SOA-based interferometers

The 2R regeneration using SOA-based interferometers is based on a phase shift
resulting from photo-induced carrier depletion in the gain saturation regime. Two
basic structures have been explored to realize optical 2R regeneration with
monolithic SOA-based interferometers, namely Mach-Zehnder interferometer (MZI)
and Michelson interferometer (MI) as shown in Fig. 1-5 and Fig. 1-6, respectively
[1]. In these structures, both an input signal carried by wavelength A; and acting as a
pump signal and a local CW signal carried by wavelength A, and acting as a probe
signal are used. In the Mach-Zehnder interferometer, injection of the signal at A,
induces a phase shift through XPM in SOA2, the amount of which depends upon the
power level Pin(41). The probe signal at A, is injected into the interferometer, where
it splits equally in the two interferometer arms, and then recombines at the output,
either constructively or destructively depending on the phase difference between the
interferometer arms. The phase difference is determined by both a XPM-induced
phase shift in SOA2 and a static phase shift in SOA1 and SOA2, and changes with
Pin(41). Therefore, the output of the interferometer changes nonlinearly with
increasing input signal power, as seen in Fig. 1-5b. As explained previously, the
nonlinearity of the transfer function induces noise redistribution, resulting in a
narrower distribution for marks and spaces and in an improvement of the data ER.
The interferometer operates as an all-optical 2R regenerator. In the MI, the probe
signal is coupled to the interferometer via a circulator and is back-reflected in two
SOAs. As in the previous case, only SOA2 induces XPM. The MI type has higher
speed potential compared to the MZI type, mainly due to the fact that back reflection
doubles the interaction length. The optical bandpass filters in these structures are
used for removing the pump signal (wavelength A,).

Pout (*2) A
Pin(*1) (dBm)
Pou(?2) \ /_
Pow(*2) Converted '(:l(?r?\;e Hed

% Pin (A1) (dgm)
@ (b)

Fig. 1-5 Principle structure of the 2R regenerator based on a Mach-Zehnder interferometer with SOAs in
both arms.

Pout(*2)

Fig. 1-6 SOA-based Michelson interferometer for 2R regeneration.
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An alternative implementation of the 2R regenerator using an SOA-based
interferometer is similar to the previous one but no local CW signal needed [7-8]. In
this 2R regenerator, a nonlinear phase difference between the two interferometer
arms is the result of a self-phase modulation (SPM, i. e. , the phase shift induced by
the input signal itself) in both SOAs that are now asymmetrically biased.

All of the 2R regenerators using SOA-based interferometers have a high integration
potential and open the possibility to integrate complex optical functions for optical
signal processing. The implementations using SPM are simple and cost effective.
The 2R regenerators based on wavelength conversion are more complex due to the
probe laser, but they can be easily upgraded to full 3R regeneration if the CW-signal
at A, is substituted by an optical clock signal. Reshaping and retiming can then be
simultaneously obtained using sampling [9]. Optical regeneration (2R or 3R) based
on MIs or MZIs has been demonstrated at 10 Gbit/s (MZI) [9, 10] and at 20 Gbit/s
(MI) [11]. With a differential mode of the SOA-based MZI, the bitrate can be
improved up to 40 Gbit/s or beyond [12, 13].

Very recently, an asymmetric MZI with an MMI-SOA was proposed [14], in which
the SOA in one arm is replaced by a one-by-one multi-mode interference
semiconductor optical amplifier (MMI-SOA). This device has advantages of being
small and easy to fabricate, and also gives a better regeneration characteristic than
the above mentioned interferometers. Regeneration at 2.5 Gbit/s has been
experimentally demonstrated.

In addition, the SOA-based ultra-fast nonlinear interferometer (UNI) is an attractive
approach for very high-speed optical regeneration [15,16].

Optical 2R regeneration using multi-section lasers

Recently, two approaches using multi-section lasers, namely the Q-switched laser-
based 2R regenerator and the distributed feedback (DFB) laser-based 2R regenerator,
have been investigated. The Q-switched laser-based device consists of three sections:
a lasing DFB section, a passive phase tuning, and a second lasing section pumped at
transparency and used as a reflector section, as seen in Fig. 1-7 [17,18]. The
combination of passive phase tuning and reflector sections allows the control of the
back reflected signal in amplitude and phase.

(a) (b) (c)

= M-'\.I'\-"\-'\.Mu ulwwwm
AR | DFB DFB ||AR
Pm (}‘1) Pout (7‘2)

5 )

Fig. 1-7 Q-switched laser-based optical regenerator: (a) laser section, (b) phase tuning section, (c)
reflector section.
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Fig. 1-9 Transfer function of a saturable absorber.

The DFB laser integrated with an SOA is shown in Fig. 1-8. In this device, lasing is
turned off due to the gain saturation induced by the injection of a high-power signal
[19]. Both of the two structures deliver optical 2R regeneration through wavelength
conversion. The output laser power exhibits a very sharp nonlinear response, which
thus results in an efficient optical regeneration.

Saturable absorber-based optical 2R regeneration

A saturable absorber (SA) has a highly nonlinear transfer function, as shown in Fig.
1-9 (Note that the y-axis does not refer to the output power there). When illuminated
with an optical signal with instantaneous peak power below some threshold Psa, the
photon absorption of the SA is high and the device is opaque to the signal. Above
Psat, the SA transmission rapidly increases and saturates to an asymptotic value near
unity (passive loss neglected). Obviously, such a nonlinear transfer function of the
SA makes it possible to use it for 2R optical regeneration (when used together with
an optical amplifier).
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The SA-based 2R regenerator can reduce the ASE noise level in the “0” symbols,
resulting in a higher signal ER and hence improving the system performance.
However, since SAs do not provide effective control of amplitude fluctuations, it is
mandatory to associate them with a means of control for marks (“1” symbols). This
can be accomplished by using a cascaded SOA [20] or a narrow-band optical filter
with nonlinear (soliton) propagation [21]. The SA-based device is simple and has
the capability of operating at high bitrate. A 2R regenerator operating together with
both an optical filter and nonlinear propagation has been demonstrated at 20 Gbit/s
with a specially designed fast SA device (the multi-quantum-well microcavity SA)
[22]. The disadvantages of the SA-based devices are the high input power level
requirements (typically 7~10 dBm) and high insertion loss. Further research on SA-
based regenerators should address the reduction of saturation energy, the recovery
time, and the insertion loss, and an increase in the dynamic extinction ratio.

1.3. Overview of the thesis, main achievements and
publications

As seen earlier in the previous sections, all-optical regeneration can be accomplished
in many different ways, focusing on either high bitrate or good regeneration
performance, or on both, and the nonlinear response of the devices is the key
parameter that governs regeneration efficiency. The SOA-based devices have high
integration potential and are thus very promising for all-optical regeneration in high-
bitrate optical netwoks. However, these devices suffer from a rather slow nonlinear
transfer function. To get a steeper nonlinear response, cascaded MZIs are needed
[23], as seen in Fig. 1-10. Furthermore, in most cases the 2R optical regeneration is
realized through wavelength conversion and an extra CW laser signal is needed. All
of this results in increased cost and complexity.

Pout (dBm)

20 15 -10 5 0 5
Pin (dBm)

Fig. 1-10 Comparison between the transfer functions of the cascades SOA+MZI and MZI+MZI (B.
Lavigne, et al., Techn. Dig. Conference on Optical fiber communication OFC 1999, Paper-TulJ3, pp.
128-130, San Diego, USA, February 21-26, 1999)
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The main goal of this PhD research was to develop new all-optical 2R regenerators
that have a steep nonlinear transfer function, operate on the signal itself instead of
on a pump or external pulse sequence, and give the same benefits as SOA-based
devices. To this end, two new concepts of all-optical 2R regeneration, based on
gain-clamped SOAs (GCSOA) and linear optical amplifiers (LOA), respectively,
have been proposed and experimentally investigated. In addition, reduction of the
intensity noise in spectrum-sliced WDM systems has also been investigated.

In chapter 2, an all-optical 2R regenerator using an MZI with GCSOAs in both arms
is described. The operation of this regenerator is based on the specific property of a
GCSOA that its amplification in the linear regime is independent of the injected
current, whereas the saturation power increases linearly with the injected current. A
digital-like nonlinear transfer function and a flexible adjustment of decision
threshold are demonstrated. Dynamic measurements at 2.5 Gbit/s show a
tremendous intensity noise suppression at the logic “0” and a large improvement in
the extinction ratio even for a very deteriorated input signal with small extinction
ratio: e.g. 8 dB improvement in extinction ratio has been obtained for an input
extinction ratio of 5 dB, and 7 dB improvement for an input extinction ratio of 2 dB.

Chapter 3 gives an alternative implementation of the above GCSOA-based 2R
regeneration, which has higher speed potential. In this 2R regenerator, two very
recently introduced devices, LOAs, are used in the two arms of the MZI, instead of
the GCSOAs. A significant improvement in extinction ratio and operation at 10
Gbit/s are demonstrated.

In addition to nonlinearities of gain and phase in the SOAs, nonlinear birefringence
is also an interesting behaviour. In chapter 4, we demonstrate all-optical 2R-
regeneration based on such nonlinearity in a single LOA. First, polarization rotation
induced by nonlinear birefringence in LOAs is analysed theoretically and
experimentally. Secondly, the operation principle of the polarization rotation based-
2R regeneration is described in §4.2. In §4.3, experimental demonstration of the
regenerative capabilities is given. An ER improvement of 15 dB has been obtained
with an input extinction ratio of 5 dB for static operation. Experimental results for
bit-rates of both 2.5 Gbit/s (NRZ, 2°~-1 PRBS) and 10Gbit/s (NRZ, 23'-1 PRBS) are
presented, respectively. With a degraded input signal, a receiver sensitivity
improvement of over 3 dB at a bit-error-rate (BER) of 10 is found for 2.5 Gbit/s.
For 10 Gbit/s, zero power penalty is observed. Significant improvements of ER are
obtained for both 2.5 Gbit/s and 10 Gbit/s. The features of simple configuration,
stable operation and high regenerative capabilities make this new scheme a
promising technique for all-optical regeneration in future optical networks.

In addition to the high bitrate, long-haul point-to-point transmission and large scale
networks, there are short distance and low bitrate (e. g. , 2.5 Gbit/s) networks, such
as campus or metropolitan networks and fiber-to-the-home (FTTH) access networks.
The spectrum-sliced WDM technique, in which optical filters are used to obtain a
spectral slice of light from a broadband source (e. g., LEDs, superluminescent LEDs)
and modulators encode data onto the slice, is a strong candidate for these cost-
sensitive local area networks due to its advantages of low cost, high wavelength
selectivity and temperature stability as compared to conventional DWDM systems.
Spectrum-sliced incoherent light, however, exhibits a large intensity noise that
places limits on the achievable system performances. An efficient method to reduce
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this noise is using a saturated SOA. In chapter 5, a theoretical analysis and an
experimental demonstration of the noise reduction in spectrum-sliced WDM systems
is presented. The influence of the injected current and the input power level of the
SOA on the noise reduction and its bandwidth is studied theoretically in §5.2.1.
Measurement results of the RIN, the SNR, and the BER with and without noise
reduction are given in §5.2.2. Experimental results of SNR show an increase of 13.5
dB in the intensity-noise-limited signal-to-noise ratio (SNR) for a bitrate of 2.5
GBit/s and of 17.5 dB for a bitrate of 622 Mbit/s. The measured BER results show
that for an optical slice with 0.3 nm bandwidth, the error floor level is at 2 x 10*
without the noise reduction at the back-to-back operation, while with the noise
reduction using the saturated SOA, the error floor is removed and error free
operation is obtained. The BER measurement results for different injection currents
and different input power to the SOA for 2.5 Gbit/s show that increasing both
injection current and input power to the SOA improves the BER, which is agree
with the theoretical prediction. Experimental results of the optical spectra of the
slice before and after the SOA has shown that in addition to the gain-saturation
characteristics of the SOA, the intrachannel four-wave-mixing (IC-FWM) within the
SOA is also an important mechanism of the intensity noise reduction. In a sense of
noise suppression (redistribution), this approach could be thought also as an optical
regeneration.

Finally, chapter 6 covers some conclusions, and several ideas for future works.
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Chapter 2

All-optical 2R regeneration based on
gain-clamped SOAs

As seen earlier in the previous chapter, the SOA-based MZI is one of the most
attractive implementations of all-optical 2R regeneration due to its high integration
potential. This device, however, suffers from a rather slow nonlinear transfer
function, which results in a limit to the regeneration efficiency. An all-optical 2R
regenerator that has a steep nonlinear transfer function and gives the same benefits
as SOA-based devices would be a very promising component for the all-optical
networks. In this chapter, we present an all-optical 2R regenerator using an MZI
with GCSOAs in both arms, which does possess all these features. The operation of
this regenerator is based on the specific property of a GCSOA that its amplification
in the linear regime is independent of the injected current, whereas the saturation
power increases linearly with the injected current.

In §2.1, the description of the GCSOA and its operation characteristics are given.
§2.2 describes the structure and the operation principle of the 2R regenerator. Some
simulation results are also shown in this section. In §2.3, the experimental
demonstration of the regenerative capabilities is given. A digital-like nonlinear
transfer response and a flexible adjustment of the decision threshold are presented.
Dynamic measurements at 2.488 Gbit/s show a significant intensity noise
suppression at the logic “0” and a large improvement in the extinction ratio even for
a very deteriorated input signal with small extinction ratio. 8 dB improvement in
extinction ratio has been obtained for an input extinction ratio of 5 dB, and 7 dB
improvement for an input extinction ratio of 2 dB. Some discussions of the bitrate
limitation due to relaxation oscillations are made in §2.4. At the end, a summary is
drawn in §2.5.

2.1 The gain-clamped SOA

211 Description of a GCSOA

The GCSOA was first introduced for suppressing signal induced gain fluctuations of
SOAs in WDM systems with an intensity modulation scheme in the middle of the
1990s [1-5]. It has been intensively investigated and used for linear optical
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Fig. 2-1 Schematic structure of a GCSOA.

amplification, intensity noise suppression and switching applications in optical fiber
telecommunications [6-12]. The GCSOA operates based on gain clamping by laser
oscillation and provides a constant gain characteristic independent of injected
current and optical input power, as opposed to a conventional SOA in which the
gain changes with both the injected current and input power.

The basic structure of the GCSOA consist of three sections: a central gain section
and two passive sections at input and output with distributed feedback (DFB) or
distributed Bragg reflector (DBR) structures for wavelength selective feedback, as
shown in Fig. 2-1. The physical principle of the GCSOA relies on the fact that in a
laser operating above oscillation threshold, the gain at the lasing wavelength is
clamped at a value equal to the cavity power losses. If the cavity losses are
wavelength selective, as in for example a DBR structure, and if the facets are AR-
coated, the device will behave like a gain-clamped travelling wave SOA for signal
wavelengths far away from the lasing wavelength, provided the gain lineshape is
homogeneously broadened. Owing to the gain-clamping effect, the signal gain is
independent of signal intensity variations as long as the lasing oscillation is not
switched off through a carrier depletion effect. The optical power is, in fact, stored
in the lasing wavelength and converted into the amplified signal following intensity
modulations with a time response limited by the relaxation oscillation frequency. A
different value of the constant gain of the GCSOA may be obtained by changing the
design of the feedback gratings.

21.2 Operation characteristics

Due to the gain-clamping effect, the GCSOA has specific properties in signal
amplification, phase shift, and polarization. As expected from the physical principle
of the GCSOA, the signal gain is independent of signal intensity variations as long
as the signal power is not too high to switch off the lasing oscillation, and thus the
signal is linearly amplified for low input powers. As the input power increases, the
lasing oscillation will be switched off by the injected signal at a certain input power
(i. e. saturation input power), and the signal gain drops suddenly due to the
saturation of the GCSOA. The saturation input power increases with increasing
injected current, while the unsaturated gain remains constant. Furthermore, the
phase shift and the state of polarization at the output of the GCSOA also exhibit
specific properties. It will be seen in §2.2 that it is these specific properties that
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result in a "true" step-like regenerative response in a GCSOA-based MZI. In this
section, we will demonstrate these properties.

Amplification properties

Fig. 2-2 shows a typical simulation result of the amplification characteristics of a
GCSOA [13]. As a comparison, the gain curve of a conventional SOA is also given
in the figure. One can see clearly that the gain of the conventional SOA decreases as
the input power increases, whereas, the gain of the GCSOA remains constant, as
expected, until it is suddenly saturated. Furthermore, the gain in the linear regime is
independent of the injected current.

Fig. 2-3 gives the measured output power and gain of a practical GCSOA as a
function of input power for different injected currents. The GCSOA used in our
measurements is commercially supplied by Alcatel Optronics, France [14]. The chip
length is approximately 1000 um. The results show clearly the gain-clamping effect.
In the lower input power region, the signal is linearly amplified, and the gain
remains at a value of around 14.5 dB and is independent of injected current. The
saturation input power and output power increase when the injected current changes
from 120 mA to 160 mA. For input powers exceeding the saturation power, the gain
drops quickly.

The polarization dependence of the gain (PDG) of the GCSOA is smaller than 0.5
dB for the injected current between 100 mA and 200 mA at a signal wavelength of
1550 nm, a number which was given in the data sheet of the device.

Gain (dB)

Signal input power (dBm)

Fig. 2-2 Calculated gain as a function of the input power for a 1000-um-long GCSOA operated at 150
mA and 200 mA and a 450-pm-long SOA operated at 40 mA. Signal wavelength: 1550 nm. [Ref. 13, D.
Wolfson, IEEE Photon. Technol. Lett., Vol. 11, No. 11, pp. 1494-1496, 1999].
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Fig. 2-3 Measured output power and gain of the GCSOA as a function of input power for different
injected currents. Signal wavelength: 1550 nm.

Phase shift

The phase shift, d@, experienced by the optical signal while travelling through the
device is determined by the effective index, n°f, as seen in Eq. 2-1.

|
8p = K[ N(2)7 1y 02 + 5y @1

off on
n(Z)TE/TM = nOTE/TM + FTE/TM N(Ziﬁ_Nj (2.2)
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OPoee =2kl -ni M (2.3)

Bragg eff /B

where ng is the effective refractive index of the waveguide for zero free carrier
density, /" is the confinement factor, and (ch/AN) is the rate of change of the
refractive index of the active region with the local carrier density N(z). | is the length

of the active layer of the device. lgragq is the length of the DBR section. N, ,is the

effective refractive index of the DBR section. The subscripts TE/TM refer to the TE
and TM mode.

In a GCSOA, the carrier density is pinned due to gain clamping, and thus the
effective index of the devices does not change with input power in the linear regime.
Consequently the phase shift stays constant in the linear regime. Once the linear
power range is exceeded, the carrier density will drop rapidly, and thus a significant
change in the phase shift will result from an induced change of the effective index.
Simulation results given in Fig. 2-11 in the next section clearly show this specific

property.

State of Polarization

The TE and TM effective indices in an SOA exhibit different values owing to the
guiding properties of the amplifier waveguides, which results in an effective
birefringence [15,16]. Even though this effective birefringence is usually very small,
and does not affect the polarization independent gain, a significant change in the
state of polarization at the output of the SOA can be induced. In addition, for a given
device the effective birefringence depends on the carrier density. The state of
polarization at the output of the SOA depends on the input polarization state and the
effective birefringence of the device. Therefore, the state of polarization at the
output is generally different from the input polarization state as long as the input
light is not exactly TE or TM polarized, and changes with the input power owing to
the induced change in the carrier density and thus in the effective birefringence.

For a GCSOA, the gain is clamped and both the free carrier density and the total
photon density (photon density of both laser and optical signal) are constant when
the input power level varies in the linear regime. The effective birefringence,
therefore, remains a constant, and thus the state of polarization at the output does not
change. Once the linear power range is exceeded, the gain and thus the carrier
density will drop rapidly. The effective birefringence and thus the polarization state
of the output will significantly vary with the input power. Figs. 2-4 and 2-5 show the
experimental setup and the measured evolutions of the state of polarization at the
output of the GCSOA with the input power variation, respectively. In the
experimental setup, a CW light beam from a tunable laser (Model Tunics-plus,
Photonetics) at 1550 nm is amplified and then coupled into the GCSOA with its
input polarization set to be at some angle to the TE axis. The exact coupled input
signal polarization is difficult to measure since the GCSOA has a pigtail of standard
SM-fiber. However, there is a certain polarization for which the polarization effect is
maximized, and it is this condition that is used in the measurements. The variable
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attenuator is used to change the input power to the GCSOA. The polarization
controller after the GCSOA linearises the polarization of the output, elliptically
polarized, when the GCSOA operates with a low input power in the linear regime.
The polarizer before the power meter is used as an analyzer to check the evolution
of the state of polarization of the output light from the GCSOA. By rotating the
analyzer around the light beam axis, a minimum and a maximum detected power,
Pmin and Pmax, can be found. The elliptical polarization parameters, azimuth 6,
ellipticity e and amplitude A can be determined from the azimuth angle of the
analyzer and the measured optical power Pmin and Pmax. Here, the azimuth @ is the
angle between the major axis of the ellipse and the positive direction of the x-axis
and defines the orientation of the ellipse in its plane, and the ellipticity e is the ratio
of the length of the semi-minor axis of the ellipse b to the length of the semi-major
axis a. The detailed description of the method of measuring the state of polarization
can be seen in §4.1.1.

In Fig. 2-5 (b), the variation of the polarization direction, azimuth 0, versus the input
power is illustrated for two different injected currents: 145 mA and 176 mA, while
in Fig. 2-5 (c) the ellipticity of the output light as a function of input power is shown.
As a comparison, the saturation characteristic of the GCSOA is also given in Fig. 2-
5 (a). One can see that, as expected, both the polarization direction and the ellipticity
remain constants in the linear regime, i. e., the state of polarization at the output
does not change with input power, but change rapidly with increasing input power
above the saturation input power. Changing injected current from 145 mA to 176
mA, the polarization direction rotates over 1 degree and the ellipticity changes very
little in the linear regime. This small change of the state of polarization can be
explained as follows. For a given input power in the linear regime, the gain remains
constant but, due to gain suppression, the carrier density also increases a little with
increasing injected current to the GCSOA. Therefore, the effective birefringence
changes with the injected current, and thus the state of polarization at the output of
the GCSOA changes when changing the injected current. In Fig. 2-5, an abnormal
variation of the polarization can also be seen. The explanation of this behavior is not
clear yet.

A
Tunable _(%_D /\/ Power
laser > / CESOS |:| %_» meter
7 PC PC
EDFA ATT Polarizer OBPF

Fig. 2-4 Experimental set-up for measuring the polarization properties of the GCSOA. ATT: Tunable
attenuator; PC: Polarization controller; OBPF: optical band pass filter.The polarizer is rotatable around
the light beam axis. Two collimators are used for the in- and out of-fiber coupling of the polarizer.
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Fig. 2-5 Measured evolutions of the state of polarization at the output of the GCSOA with the input
power variation for different injected currents, (a) the output power versus input power, (b) the variation
of the polarization direction (azimuth 0), (c) the ellipticity of the output light. Signal wavelength: 1550
nm.



24 Chapter 2

Optical spectrum

The measured optical spectra of the output of the GCSOA are shown in Fig. 2-6 for
different input power levels. One can see the lasing wavelength at 1508 nm, at the
short wavelength side of the amplified spontaneous emission (ASE) spectrum. For
the low input power, the lasing oscillation occurs simultaneously with the signal
amplification and the gain is clamped. When the input signal power exceeds the
saturation input power, the lasing oscillation is switched off and the GCSOA is
saturated. The ASE peak is at 1538 nm for an injected current of 120 mA when the
GCSOA is unsaturated. 3 dB optical bandwidth given from the data sheet is 30 nm.
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Fig. 2-6 Measured optical spectra of the output of the GCSOA for different input power levels, (a) low
input power (unsaturated), (b) high input power (saturated). The injected current to the GCSOA is 120
mA.
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2.2 All-optical 2R regenerator based on a MZI with
GCSOAs

2.21 Structure and operation principle

The structure of an all-optical 2R regenerator based on a MZI with GCSOAs in both
arms is shown in Fig. 2-7. The splitters are symmetric (3 dB splitter and coupler),
and the two GCSOAs are assumed to be identical but biased with a different injected
current. The static phase difference between the two arms is 7 in the linear regime,
which can be implemented as a phase modulator or as an optical path length
difference.

The operation of this regenerator is based on Mach-Zehnder interference and the
specific property of a GCSOA that its amplification in the linear regime is
independent of the injected current, whereas the saturation power increases linearly
with the injected current, which has been described in the previous section. The
output power of a MZI for linearly polarized input light is given by

P, <P, (AI +A +2A cos(Ago)) (2.3)

where A1 and A are the amplification of GCSOA1 and GCSOA2, respectively, and
Ag the phase difference between the two arms. In the linear regime, both arms of the
MZI give the same signal gain, and the light waves travelling through the two arms
have the same amplitude and same state of polarization. Hence, the phase shift of «
in one of the arms causes total destructive interference below the input saturation
powers of both GCSOAs at the output of the MZI, as seen in Fig. 2-8. Beyond the
saturation power of both GCSOAs, the output powers from both GCSOAs are
saturated. Furthermore, due to additional phase shifts accompanying the saturation
in each GCSOA, the phase difference between both interference arms becomes
different from =, and, in addition, the state of polarization of the two arms becomes
different from each other. Therefore, there is no longer total destructive interference.
However, the fact that the amplifier output powers in both arms and the phase
difference between both arms remain constant as the input power varies above the
saturation powers causes the output power of the MZI to be constant as well. In
between the saturation power of the first amplifier and the saturation power of the
second amplifier, there is a gradual increase in the output power of the MZI. Since
the saturation of the GCSOAs happens suddenly due to switching off of the
clamping lasing oscillations and the gain drops very fast once the GCSOA is
saturated, the output power shifts quickly from the low to the high level.
Consequently, the output power versus input power of the MZI behaves like a step
function, as shown in Fig. 2-8. The decision threshold of the step-like transfer
function is determined by the saturation input powers of the GCSOAs. Obviously,
the decision threshold changes with changing injected currents to the GCSOAs. This
is due to the fact that the saturation input power of the GCSOAs increases with
increasing injected current, while the unsaturated gain remains constant in the linear
regime. It is emphasized that an identical amplification for different saturation
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powers can only be obtained with GCSOAs and not with conventional traveling
wave SOAs.

GCSOA2 Phase shift

Fig. 2-7 Schematic structure of all-optical 2R regenerator based on MZI with GCSOAs.
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Fig. 2-8 Operation principle of the all-optical 2R regeneration based on an MZI with GCSOAs in both
arms. The two GCSOAs are assumed to be identical, and the two arms of the MZI have same
amplification in the linear regime.
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More generally, one could also design the regenerator with non-identical GCSOAs
and asymmetric splitters and couplers. In addition, an alternative for the MZI-based
2R regenerator is the Michelson interferometer (MI) version. In this configuration,
the amplifiers must be reflecting. They can, therefore, be implemented as DFB
lasers with one AR-coated facet and one cleaved or HR-coated facet. As in the MZI-
based structure, both amplifiers are assumed to have a different injected current such
that they exhibit equal amplification and phase shift below the saturation power and
a different saturation power. The operation principle of this MIl-based 2R
regenerator is then identical to that of the MZI-based 2R regenerator.

222 Numerically simulated transfer characteristics

A good agreement between simulation and experimental results needs all the
parameters that are not, however, available for commercial devices. The simulations
were, therefore, just done (before the experiments) to show that the principle works,
not to get good agreement with the experiments, and to show how good the
characteristic can be in theory. Typical parameters representative for this type of
device but not necessarily accurate for the specific component were used in the
simulations, which are summarized in Table 2-1. The material parameters (i. e., C;-
Cs) are based on the values used in [17], the other parameters in Table 2-1 were
chosen with the intent of obtaining about 20-dB amplifier gain. No gain suppression
(or explicit power dependence of the gain g) has been taken into account. The
simulations have been performed using the longitudinal computer model CLADISS
[17]. The GCSOAs exhibit lasing with a threshold current of 24.8 mA and at an
emission wavelength of 1.5298 um. The wavelength of the injected signal was
chosen to be 1.55 pm, i. e., sufficiently far from the lasing wavelength and the Bragg
wavelength of the Bragg sections. It can further be noticed that the (monomolecular,
bimolecular and Auger) recombination parameters mainly affect the threshold
current of the GCSOAs, and hence also the currents corresponding with a certain
saturation power, and the damping of the relaxation oscillations during the switching.
In the simulations, a symmetric MZI with traveling-wave GCSOAs, consisting of an
amplifying section surrounded by passive DBR sections on either sides (as seen in
Fig. 2-1) was considered. Fig. 2-9(a) and Fig. 2-9(b) show the simulation results of
the amplification and phase shift characteristics of the GCSOAs under different bias
currents (86 and 117 mA) and the output power versus input power characteristics of
the 2R regenerator, respectively [18]. One can see that the amplification and phase
shift of the GCSOAs are independent of the injected current and remain constant
when the input power varies in the linear regime, which agrees with the
experimental results demonstrated in the previous section. The output power of the
MZI is fairly constant below 2 mW and above 3 mW, showing a step-like transfer
response of the 2R regenerator.

It should be noted that from the simulation the additional phase shift due to
saturation of the GCSOA with lowest injected current is only 0.5 rad. Ideally, this

phase shift should be w, but this value is not easily obtained with realistic values for
material and device parameters [18].
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Fig 2-9 (b) Output power versus input power of a symmetric MZI with GCSOAs in both arms.



All-optical 2R regeneration based on gain-clamped SOAs 29

Table 2-1 GCSOA parameters used in the numerical simulation [18]

Parameters Value Unit
Length of the Bragg sections 400 pm
Period of the Bragg gratings 233 nm
Coupling coefficient of the Bragg gratings 7.5 cm’!
Effective index of the Bragg sections 3.283

Length of the active section 1000 pm
Cross section of the waveguide 0.3 pm?
Confinement factor 0.4

Internal loss 25 cm!
Monomolecular recombination coefficient 0.167x10° st
Bimolecular recombination coefficient 10710 cm’/s
Auger recombination coefficient 3x10°% cm®/s
Effective index without injection 3.283

Change of nefr with carrier density -1.69x1020 cm?
Gain g = C1(E-C2)®3N-C4(E-Cs)<¢

Ci 4.68x1071 cm?
C2 0.7477 eV
Cs 0.7743

Cq 77.16x10* cm’!
Cs 0.6237 eV
Cs 4.1727

2.3 Experimental characterization

The MZI 2R regenerator proposed above can in principle be integrated. For our
experiments, however, the MZI was built using fiber-optic 3dB splitters and two
commercial, packaged GCSOAs. The two GCSOAs happen to exhibit considerably
different amplification and equal gain in both interferometer arms is achieved using
an extra variable attenuator in one arm. The temperature control of one of the
packaged GCSOAs was used to obtain a phase difference of © between the two arms
and thus destructive interference at a low input power level. To avoid instabilities
due to airflow, the fiber-optic interferometer is concealed in a plastic box. At the
output, an optical filter with a 3 dB bandwidth of 0.3 nm is used to suppress the laser
mode and the amplified spontaneous emission from the GCSOAs. Fig. 2-10 shows a
photograph of the MZI-based 2R regenerator built using fiber-optical 3 dB splitters
and the GCSOAs with single mode fiber pigtails.
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The schematic experimental setup for measuring the static and dynamic
characteristics of the 2R regenerator is shown in Fig. 2-11. A tunable laser source
(Model Tunics-plus, Photonetics), an external modulator, and a pulse generator are
combined and used as a transmitter. The optical data signal at 2.5 Gbit/s (PRBS=2%-
1, RZ format) is first transmitted through an EDFA, and then coupled into the MZI.
The extinction ratio of the data signal can be controlled by changing the driving
pulse amplitude (i. e., electrical pulse signal amplitude) of the external modulator.
The optical band pass filter (OBPF) behind the EDFA has a 3-dB bandwidth of 0.2
nm and the same central wavelength as the filter at the output of the MZI. In the
following sections, we present the detailed experimental results of the static and
dynamic characteristics of the 2R regenerator, which clearly demonstrate a quasi-
ideal optical transfer function and excellent regeneration capabilities.

Fig. 2-10 Photograph of the fiber-based 2R regenerator using MZI with GCSOAs in both arms.

2R regenerator

OBPF1:

|
L gesoAz |

Digital Sampling 2.488Gb/s
Oscilloscope Receiver

Power meter

OBPF2 lIsolator

Fig. 2-11 Experimental setup for 2R regenerator based on a MZI with equal GCSOAs in both arms. TL:
tunable laser, ATT: Attenuator, Mod: Mach-Zehnder modulator, The dashed line indicates the setup
without the 2R regenerator.
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2.3.1 Static transfer characteristics

The measured static transfer characteristic of the MZI is shown in Fig. 2-12. The
bias currents applied to the two GCSOAs are 140mA and 145mA, respectively, and
the signal wavelength is 1553.3 nm. As can be seen, the optical transfer
characteristic has a true digital-like shape. For both a logical “1” (high power level)
and a logical “0” (low power level) quasi-perfect regeneration is achieved, which is
consistent with the simulation result described in the previous section. The output
power shifts from the low to the high level over an input power range of about 0.2
mW at a threshold power of 1.0 mW. This means that under static conditions an
output extinction ratio of 15 dB can be obtained for an input extinction ratio of less
than 1 dB. We note that this is in sharp contrast with the sinusoidal-like regeneration
obtained from most other regenerators that have been proposed so far [19-22].

The small power fluctuation of the logical “0” in Fig. 2-12 is due to the fact that the
two GCSOAs are not exactly identical and also their gains are not constant but
change a little when input power varies, as seen in Fig. 2-3. For a given input power
(~0.75 mW in our experiments), a same amplification of the two arms of the MZI
can be obtained by adjusting the attenuation of the attenuator in one arm and a
completely destructive interference can be achieved. But for other input powers
below the input saturation power, there could be a small amplification difference
between the two arms due to the small change of the gain of the GCSOAs.
Consequently, the interference could not be completely destructive and it causes a
non-zero output of the MZI in the low power region. This power fluctuation could
be reduced using two selected identical devices.
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Fig. 2-12 Measured static transfer characteristic of the all-optical 2R regenerator. Injected current to the
two GCSOAs: 140 mA/145 mA; signal wavelength: 1553.3 nm.
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Fig. 2-13 Change of the static transfer characteristics with changing injected current to the GCSOAs.
Signal wavelenght: 1553.3 nm.

2.3.2 Decision threshold adjustment

Optical decision threshold is one of the key parameters of an optical 2R regenerator.
The flexible adjustment of the decision threshold of the 2R regenerator will give
certain benefits to the design of optical networks. The 2R regenerator based on the
GCSOAs has the advantage of adjustable decision threshold, thanks to the adjustable
saturation power of the GCSOAs.

Fig. 2-13 gives the measured static transfer function for different injected currents to
the GCSOAs. The results demonstrate very clearly a significant shift of the decision
threshold when the injected currents change from 125/135 mA to 140/145 mA.
Therefore, a very flexible adjustment of the decision threshold can be achieved
easily by altering the injected currents to the GCSOAs. Note that the lower output
power for logical "1" at the lower injected currents is due to the lower saturation
output powers of the GCSOAs.

An important feature for practical use of all-optical regeneration is wavelength
insensitivity. Fig. 2-14 shows the measured static transfer characteristics for
different signal wavelengths, with the same bias currents being applied to the
GCSOAs. Clearly, good regeneration has been obtained over a broad wavelength
range from 1540 to 1560 nm. There is a small shift of the decision threshold (~1 dB)
for a wavelength range of 20 nm. This could be due to the fact that the saturation
input power of the GCSOAs changes a little with the signal wavelength.
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Fig. 2-14 Static transfer characteristics for different wavelengths. Injected currents to the two GCSOAs:
135 and 147 mA, respectively.

2.3.3 Extinction ratio improvement

The regenerative capabilities of the 2R regenerator under dynamic operation are
demonstrated in Figs. 2-15 and 2-16. Fig. 2-15 shows the eye diagrams with and
without the 2R regenerator for the input ERs of 2 dB, 5 dB and 9 dB, while Fig. 2-
16 gives the extinction ratio (ER) improvement. Both figures are obtained for a
signal with a bitrate of 2.5 Gbit/s (RZ, 22-1 PRBS). Clearly, the input signal is
regenerated. Both the power level and the noise at the logic “0” are tremendously
suppressed, and a strong improvement of the ER is demonstrated. For the input
signals with ERs of 5 dB and 9 dB, 8 dB improvement in ER is obtained. Even for a
very deteriorated input signal with almost closed eyes (input ER = 2 dB), clearly
opening eyes can be obtained with the 2R regenerator and an ER improvement of 7
dB is still achieved. This result is in contrast with that in [21], where the maximum
improvement of the ER was 4 dB for an input ER of 6 dB.

As the noise at the logical “0” is strongly suppressed after the 2R regenerator, there
is no doubt that an improvement in signal-to-noise ratio (SNR) and thus an
improvement in receiver sensitivity can be achieved, although no significant
intensity noise suppression at the logical “1” is observed.
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Fig. 2-15 Eye diagrams with and without the 2R regenerator for signals with different extinction ratios at
2.5 Gbit/s (PRBS=2%-1, RZ format). Signal wavelength: 1553.3 nm.
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2.3.4 Discussion

Noise of the logic “1”

It can be noticed that the noise suppression for a logical “1” is not as good as
expected. This is due to extra noise induced by an instability of the laser mode near
the saturation power of the GCSOAs. Fig. 2-17 shows the noise at the outputs of the
GCSOAs and the 2R regenerator, respectively, for a CW input signal with different
optical power. The injected currents to the two GCSOAs are 140 mA and 148 mA.
The input saturation power of the GCSOAs is around 0.4 mW. One can see that for
low input power of 0.5 mW to the 2R (0.25 mW to the GCSOAs) in the linear
regime the noises at the outputs of GCSOAs and the 2R regenerator are very small.
However, for a high input power of 1.0 mW, the power fluctuation at the GCSOAs
becomes higher due to the instability of the laser mode and it causes a large noise at
the output of the 2R regenerator. The instability of the laser mode near the threshold
might result from some weak back reflection in the hybrid fiber-based device. We
believe that an integrated version of the device would show better noise suppression
at both logical “0” and “1”. On the other hand, the noise in the logical “1” can also
be reduced using a cascaded SOA which operates at saturation condition. This has
been successfully used for suppressing the noise in the logical “1” in SA-based 2R
regenerators [23].

Output of the MZI 2R Output of GCSOA1 Qutput of GCSOA2
(a) Input power
=0.5mW
id "d d
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Fig. 2-17 Noises at the outputs of the GCSOAs and the 2R regenerator, respectively, for a CW input
signal with different optical power. The injected currents to the two GCSOAs are 140 mA and 148 mA.
The saturation input power of the GCSOAs is around 0.4 mW. The input powers given in the figure are
the optical powers launched into the 2R regenerator.
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Instability

With a fiber-based MZI configuration, both arms of the interferometer are physically
separated, and thus the 2R regenerator proposed above has a big issue of
interference instabilities due to varying environmental conditions. By fixing the
whole set-up on a plate and covering it with a plastic box, the output power
instabilities have been reduced to some extent, but the output of the MZI still
exhibits a significant fluctuation. This problem could be solved in two ways:
utilizing active phase stabilization [24] or monolithically integrating the MZI. In the
first method, a CW-pilot optical signal and an electrical feedback control circuit are
added to the MZI. The pilot signal is passed through the MZI in opposite direction to
the data signal. The pilot output power is held at a constant level by correcting the
optical path length in one interferometer arm by a Peltier element directly attached
to the optical fiber. The slow fluctuation of the phase and thus the fluctuation of the
output power of the MZI are eliminated. As for the monolithically integrated MZI
with GCSOAs in both arms, it has obviously more advantages than the fiber-based
configuration, and we believe that it could be available in a not too far future.

Bitrate limitation due to relaxation oscillations

The GCSOAs exhibit the relaxation oscillations occurring during the on-switching
of the laser mode. These relaxation oscillations seriously affect the transient
behavior of the GCSOA. Time domain simulations, shown in [18], indicated that the
operation of the GCSOA-based 2R regenerator is limited to a bitrate below the
relaxation oscillation frequency. We have measured the dynamic behavior of the
GCSOA, as seen in Fig. 2-18, with an input consisting of periodic pulses driving the
amplifier into saturation, clearly showing the relaxation oscillations with a
resonance frequency of around 5 GHz and a total duration of about 0.4 ns.

The bitrate limitation of the all-optical 2R regeneration proposed above can be
overcome by using some new designed gain-clamped SOAs, such as the linear
optical amplifiers (LOA) [25]. In the LOA, a vertical cavity with a very short length
is integrated with an optical amplifier and operates as the optical feedback, instead
of the long cavity in the GCSOA. This results in a much higher relaxation oscillation
frequency, and the LOA will not be limited for high-speed applications. In addition,
two other types of GCSOAs are also reported: the hybrid integrated gain-clamped
SOA [26] and the four-section GCSOA [27]. The hybrid integrated GCSOA uses
UV-gratings written on PLC waveguides as external mirrors for laser oscillation,
while the four-section GCSOA is similar to the normal GCSOA described in the
previous section but with controllable feedback gratings. Both of them exhibit a
variable gain and operation at 10 Gbit/s has been demonstrated for the first one. The
property of variable gain of these devices is very promising to realize the “identical”
amplification of the two arms of the MZI. Furthermore, it has been shown in recent
investigation that DBR lasers can give very high bandwidths (e. g. , 30 GHz) and
very high resonance frequencies [28]. If appropriately designed, even higher
resonance frequencies should be possible in DBR-based GCSOAs. With such
amplifiers, the regenerator proposed here should easily be capable of operation at 10
Gbit/s or at multiples of that bitrate.
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Fig. 2-18 Transient response of laser field and signal output power for a GCSOA (driven at 100 mA) and
for rectangular input pulses with 200-MHz repetition rate and an extinction ratio of 10 dB.

In the following chapter, we will present an all-optical 2R regenerator based on an
MZI with LOAs.

24 Summary

In this chapter, we first described the structure and operation characteristics of the
GCSOAs. The GCSOAs exhibit specific properties in gain, phase shift, and
polarization. In the linear regime, the gain, phase shift and the state of polarization
are independent of the input power, while for input powers exceeding the saturation
power, all of them change quickly as the input power increases.

Based on these specific properties, we introduced, in §2.2, an all-optical 2R
regenerator that has a MZI structure. Both simulation and experiments show that the
2R regenerator has a digital-like nonlinear transfer function and a flexible
adjustment of decision threshold. Dynamic measurements at 2.5 Gbit/s presented in
§2.3 demonstrate significant intensity noise suppression at the logic “0” and a large
improvement in the extinction ratio even for a very deteriorated input signal with
small extinction ratio. 8 dB improvement in extinction ratio has been obtained for an
input extinction ratio of 5 dB, and 7 dB improvement for an input extinction ratio of
2 dB. Furthermore, a good regeneration over a broad wavelength range of 20 nm is
also demonstrated. Therefore, taking the simplicity of the device and the excellent
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regeneration characteristics into account, this approach is a promising technique for
all-optical 2R regeneration.

Finally, some discussions of the bitrate limitation due to the relaxation oscillations
were made.
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Chapter 3

All-optical 2R regeneration based on an
MZI with LOAs in both arms

Based on a MZI with GCSOAs in each arm, an all-optical 2R regenerator has been
proposed in the previous chapter. Excellent static and dynamic regeneration
characteristics have been demonstrated experimentally for such a regenerator.
However, due to the problem with relaxation oscillations in the amplifiers the
maximum speed of this regenerator is rather limited. These speed limitations can be
overcome using a recently introduced type of gain clamped SOA, the linear optical
amplifier (LOA) [1-3], which is based on integrating an amplifier and a vertical
cavity surface emitting laser (VCSEL) on an InP substrate. We have therefore
experimentally investigated MZIs with LOAs in both arms. First, the LOA and its
characteristics are described in more detail in §3.1. Secondly, the operation principle
of the regenerator is briefly described in §3.2. In §3.3, the experimental
demonstration of the regenerative capabilities is given. An ER improvement of 8§ dB
has been obtained with an input extinction ratio of 7 dB for static operation.
Experimental results for bit-rates of both 2.5 Gbit/s (NRZ, 2°-1 PRBS) and 10Gbit/s
(NRZ, 23'-1 PRBS) are presented. With a degraded input signal, a receiver
sensitivity improvement of 1 dB at a bit-error-rate (BER) of 10~ is found for 10
Gbit/s, showing the regeneration capability for high bit rate. The effects of
polarization on the performance of the regenerator and the stability of the fiber-
based setup are also discussed in this section. Finally, a summary is given in §3.4.

3.1 LOA and its characteristics

311 Description of a LOA

The LOA is an amplifier with an integrated VCSEL on an InP substrate, as seen in
Fig. 3-1. The VCSEL and the amplifier share the same active region. The VCSEL
has high reflectivity DBR mirrors positioned above and below the active region. The
VCSEL operates along the entire length of the amplifier and the lasing action is
perpendicular to the propagation of the amplified light. The circulating optical
power of the VCSEL overlaps with the amplifier waveguide and acts as an optical
feedback to maintain a constant local gain in the amplifier.
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Input signal Z Output signal

Fig. 3-1 LOA device structure

Obviously, similar to the normal GCSOA, the LOA operates by gain clamping
which is achieved by a laser oscillation in the cavity, away from the gain peak,
effectively pinning the carrier density and fixing the available gain. An important
difference between LOAs and GCSOAs is that a vertically coupled cavity with a
very short length is employed in the LOA, instead of the long cavity in the GCSOA.
The LOA has a potential of operating at high bitrate, which has been experimentally
demonstrated [3]. On the other hand, the large dimensions of the VCSEL make the
saturation in the LOA more gradual. This is due to the fact that gain clamping in
LOAs occurs much more locally and such that near the saturation level a part of the
LOA can be clamped, while a part can be saturated. The detailed characteristics of
the LOA are experimentally demonstrated in the following section.

The LOAs were grown using standard MOCVD manufacturing processing. The
devices used in our experiments are supplied by Genoa Corp., CA USA. The LOA
chips are approximately 1 mm x 0.5 mm x 0.15 mm.

31.2 Operating characteristics of the LOAs

The LOA has specific characteristics in gain, polarization, and phase due to gain
clamping, which are the most important features for its applications in MZI-based
optical regeneration. Similar to that of the GCSOA, the gain of the LOA is
independent on injection current and optical input power in the linear regime below
the saturation power, but changes rapidly with increasing input power once the
linear regime is exceeded. Increasing the injection current results in a linear increase
in the saturation power, while the gain remains constant. Both the phase shift and the
state of polarization at the output of the LOA are independent of the input power in
linear regime, but change with varying injection current to the LOA. In this section,
these characteristics are experimentally demonstrated.

Gain
The experimental setup for measuring the gain of LOAs is shown in Fig. 3-2. A CW

light beam from a tunable laser (Model Tunics-plus, Photonetics) is amplified and
then coupled into the LOA. The variable attenuator (ATT) is used to change the
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input power to the LOA. The optical band pass filter (OBPF2) is added for filtering
out the ASE from the LOA. The output of the LOA is detected with a power meter.

Two different LOAs were measured, and the gain as a function of input power was
measured for different injection currents. The two LOAs have similar saturation
characteristics. Here we just show the typical results of one of the two LOAs,
LOA#1. Figs. 3-3 and 3-4 give the measured output power and gain, respectively, as
a function of input power. It can be seen that, as predicted, the gain is independent
of both the input power and the injection current when the input power is below a
certain input power level, i. e. the saturation input power, for a given injection
current. By increasing the injection current, both saturation input power and
saturation output power increase. The gains in linear regime at 1550 nm for LOA#1
and LOA#2 are 12.7 dB and 12.4 dB, respectively.

1
Tunabl AV AV P
e ANH/ H e FHAY—
/
EDFA OBPF1 ATT OBPF2

Fig. 3-2 Experimental set-up for the gain measurements.

Output power (dBm)

Input power (dBm)

Fig. 3-3 Output power from LOA#l as a function of input power for different injection currents,
wavelength of the input: 1550 nm.
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Comparing the saturation characteristics of the LOA (e. g. Fig. 3-3) and the GCSOA
(e. g. Fig. 2-3), we can see that the saturation in LOAs is indeed more gradual than
that in GCSOA. This has the consequence, which will be seen in §3.3.1, that the
transition between the digital zero and one in LOA-based 2R regeneration can’t be
as sharp as with GCSOAs.

Gain (dB)

Input power (dBm)

Fig. 3-4 Gain of LOA#1 versus input power for different injection currents, wavelength of the input: 1550
nm.

15

—aLOA1|! |
| |
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Gain (dB)

1540 1550 1560 1570 1580
Wavwelength (nm)

Fig. 3-5 Wavelength dependence of the gain at low input power (-6 dBm), injection current to the LOAs,
250 mA.
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Fig. 3-6 Wavelength dependence of the gain at high input power (0 dBm), injection current to the LOAs,
250 mA.

We have also measured the wavelength dependence of the gain. Fig. 3-5 shows the
gain as a function of signal wavelength for an input power of -6 dBm in the linear
regime at 250 mA, while Fig. 3-6 gives the results for a high input power (0 dBm) at
which the LOA is saturated. One can see that within a wavelength range of 30 nm
(1545 nm — 1575 nm) the gain flatness is ~ 1.2 dB for both LOAs in the linear
regime, while the gain difference between the two LOAs keeps below 0.2 dB, which
is more important for the MZI-based 2R regeneration with LOAs. For a high input
power, the LOA is saturated and the gain flatness is ~ 0.8 dB, and the gain
difference is < 0.3 dB.

The polarization dependence of the gain (PDG) is 0.1 dB at 1557 nm, and the
maximum PDG is 0.7 dB at 1577 nm for LOA#1. For LOA#2, the PDG is 0.3 dB at
1558 nm, and the maximum PDG is 0.9 at 1578 nm (Ref. datasheet of the LOAs
from Genoa Corp.).

State of polarization

The state of polarization at the output of the LOA is determined by the input
polarization state and the effective birefringence of the LOA. In a practical LOA, a
small difference between the TE and TM effective indices exists owing to the
guiding properties of the amplifier waveguides. Even though this effective
birefringence is very small, and does not affect the polarization independent gain, a
significant change in the state of polarization at the output of the LOA can be
induced. In addition, for a given device the effective birefringence depends on the
carrier density. Detailed theoretical and experimental analyses of the polarization
characteristics of the LOA are given in §4.1 and §4.2 in Chapter 4. Here in this
section, we just show some conclusions and related important results.
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For a LOA, the gain is clamped and both the free carrier density and the total photon
density (photon density of both laser and optical signal) are constant when the input
power level varies in the linear regime. Since there is no carrier density change,
there will not be an effective birefringence change, and neither a variation of the
state of polarization at the output. Once the linear power range is exceeded, the gain
and thus the carrier density will drop rapidly. A significant change in the effective
birefringence and thus a change in the polarization state of the output will be caused.
The evolutions of the state of polarization at the output of the LOA with varying the
input power can be seen in Fig. 4-3 in §4.1.1.
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Fig. 3-7 The evolution of (a) the polarization direction (azimuth 6) and (b) the ellipticity e with the
variation of the injection current. Input power —10 dBm, signal wavelength: 1550 nm.
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For a given input power in the linear regime, the gain remains constant but, due to
gain suppression, the carrier density also increases a little with increasing injection
current to the LOA. Therefore, the effective birefringence changes with the injection
current, and thus the state of polarization at the output of the LOA changes when
changing the injection current. Fig. 3-7 gives the measured evolutions of the state of
polarization at the output of the LOAs versus the injection current in the linear
regime. Clearly, the polarization direction (azimuth 0, Ref. §4.1.1) rotates with
increasing the injection current to the LOA. The rotation, however, for the two
different LOAs is in the opposite direction. This could be due to the reasonable
difference in effective birefringence between the two individual devices. The
ellipticity (Ref. §4.1.1) of the output from the LOAs varies within a range from
0.037 to 0.14 for LOA#1 and from 0.17 to 0.037 for LOA#2 with changing the
injection current from 150 mA to 270 mA. It will be seen in section §3.3 that these
variations of the state of polarization with injection current give some negative
influence on the threshold adjustment of the LOA-based MZI regenerator.

Phase shift

For a given LOA, the phase shift experienced by the optical signal while travelling
through the device depends on the effective index which is determined by the local
carrier density. As for the GCSOA, the gain of the LOA is clamped and the free
carrier density are constant when the input power level varies in the linear regime,
and thus, the phase shift stays constant in the linear regime. Once the linear power
range is exceeded, the gain and thus the carrier density will drop rapidly. A
significant change in the effective index and thus in the phase shift will result. This
specific characteristic of the phase shift plays an important part in the LOA-based
2R regeneration.

Speed

The LOA exhibits high frequency relaxation oscillations due to the short cavity
length of the clamping laser. This makes the LOAs suitable for high bitrate
applications. To examine the availability for high-speed operations, we measured the
eye-diagrams at the output of the LOA for 10 Gbit/s (NRZ, 23!-1 PRBS), as shown
in Fig. 3-8 (b) and (c). As a comparison, the eye-diagram at the input of the LOA is
also measured, and given in Fig. 3-8(a). The bandwidth of the receiver used in the
measurements is 15 GHz. The results show clearly no relaxation oscillation is found
within this optical bandwidth. (Note that an overshoot exists at the “1” levels when
the LOA operates in saturation). It means that the LOAs in our experiments can
operate at a bitrate of at least 10 Gbit/s. Actually, new LOAs developed very
recently can operate up to and beyond 40 Gbit/s [4].
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(a) Input

L : :
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(b) Output (non-saturation)

3Bps-diyv 23.6ns

W (c) Output (saturation)

Im :
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Fig. 3-8 Eye-diagrams at the input and the output of the LOA for 10 Gbit/s (NRZ, 23'-1 PRBS). Signal
wavelength, 1550 nm; injection current, 250 mA; Attenuation after the LOA ~13 dB; Bandwidth of the
optical receiver, 15 GHz.

3.2 2R regenerator based on an MZI with LOAs

3.21 Structure and operation principle

The principle structure of the regenerator is similar to the 2R regenerator presented
in Chapter 2, but with two identical LOAs in both arms instead of GCSOAs, as
illustrated in Fig. 3-9(a). Ideally, the ‘identical’ LOAs in both arms give an identical
amplification in the linear regime, i.e. below the saturation level. The LOAs are
given a different injection current though and they therefore exhibit a different
saturation power level, as shown in Fig. 3-9(b). In the linear regime, where both
interferometer arms exhibit an equal amplification, there is hence an interference
between two signals with equal amplitude and a phase shift of « results in complete
destructive interference. This perfect interference is obtained for all input power
levels below the saturation levels of both LOAs, as opposed to the case of other
MZI-based regenerators. At input power levels above the saturation level of both
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Fig. 3-9 Principle of MZI -based regenerator with LOAs. (a) structure of the 2R regenerator, (b) measured
saturation characteristics of the LOA at different injection currents.

amplifiers, both arms give a rather constant output power, which in addition is
different for both arms due to the different injection currents. Moreover, the phase
difference between both arms is no longer 7, but still remains constant. This results
in a constant and rather high output power level at the output of the interferometer.

An important difference between normal gain clamped SOAs and LOAs is that the
saturation in LOAs is more gradual, as mentioned in the above section. This has the
consequence that the transition between the digital zero and one can’t be as sharp as
with GCSOAs, but also and more importantly that regenerative performance is not
limited by relaxation oscillations.

3.3 Experimental demonstration of the 2R regenerator

The practical configuration of the LOA-based MZI regenerator and the entire
experimental set-up is shown schematically in Fig. 3-10. The regenerator is
constructed using fiber-based 3dB couplers and fiber-pigtailed and packaged LOAs,
as seen in Fig. 3-11. The fibers are SMF fibers and the total arm lengths are about
1.3 m. Considering a slight difference in the gain between the two LOAs and a small
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Fig. 3-10 Experimental set-up (the dashed line indicates the setup without the regenerator)

Fig. 3-11 Photograph of the experimental setup: the part of MZI-based 2R regenerator with LOAs

deviation from 3 dB of the splitting ratio of the couplers, the LOAs are arranged to
give the same amplification in the two arms. The phase shift of © at low input power
levels is obtained by slightly heating one of the LOAs.

A tunable laser (TL) is used to generate the injected light at a wavelength of 1550
nm. The optical data signal is first transmitted through an EDFA. A variable
attenuator before the EDFA is used as to control the signal to noise ratio at the input
so as to simulate the degradation of the signal. The ER of the input data signal is
controlled by changing the driving pulse amplitude (i. e., the electrical pulse signal
amplitude) of the external modulator. A second variable attenuator (ATT2) is used
to control the power level before the signal is sent through the MZI. The third
variable attenuator is for adjusting the received power. The two optical band pass
filters (OBPF) have a 3 dB bandwidth of 0.3 nm. A Digital Sampling Oscilloscope
(Tektronix 11801B) and an Error Detector (Advantest D3286) are used in the
detection system for measuring the eye-diagrams and BER, respectively. The
regeneration characteristics of the 2R regenerator are investigated for static
operation and dynamic operation at both 2.5 Gbit/s (NRZ, 2°-1 PRBS) and 10 Gbit/s
(NRZ, 23!-1 PRBS). The receivers used for dynamic measurements at 2.5 Gbit/s and
10 Gbit/s are Tektronix ORR24 and HP11982A optical receivers, respectively.
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3.3.1 Static transfer characteristics

Fig. 3-12 shows the measured static regeneration characteristic for injection currents
of 200 mA and 250 mA through the two LOAs, respectively. It can be seen that a
nonlinear transfer function can be achieved with the LOA-based MZI. The
extinction ratio can be improved from 7 dB at the input to 15 dB at the output, while
the output power remains below —10 dBm for input power levels below —5 dBm and
remains a little above 5 dBm for input powers above 1 dBm. For comparison with
that of the MZI with GCSOAs as described in the previous chapter, the transfer
function on a linear scale is also given in Fig. 3-12 as an inset. Due to the gradual
saturation of the LOA, the output power shifts from the low to the high level more
slowly than that for the GCSOA-based MZI.
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Fig. 3-12 Static transfer function of the regenerator. Losses from both the optical band-pass filter and the
isolator after the MZI were not taken in to account in the output power.
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Fig. 3-13 Static transfer functions of the regenerator for different injection currents to the LOAs. Losses

from both the optical band-pass filter and the isolator after the MZI were not taken in to account in the
output power. Signal wavelength: 1550 nm
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The small variation of the low output power level, i. e. the logical "0" level, with
input power is due to the imperfect destructive interference. In fact, there is some
small, reasonable difference of the polarization between the two arms, which makes
the destructive interference incomplete at the low power level.

Fig. 3-13 gives the static regeneration characteristics for different injection currents
to the two LOAs. A significant shift of the transfer curve (~ 1 dB at the input power
around —3 dBm ) can be seen when the injection currents change from 200/240 mA
into 180/220 mA. This implies that the threshold of the transfer between logical "0"
level and logical "1" level can be adjusted by simply changing the injection current
to the LOAs. It should be pointed out that the low power level changes for different
injection currents. This is due to the fact that the polarization evolution with
injection current of the two LOAs is not the same (Ref. Fig. 3-7), and thus the
destructive interference at the low power level changes when the injection currents
are changed. This performance degradation could be reduced with an integrated
configuration with two identical LOAs.

3.3.2 Dynamic performance

Extinction ratio improvement

Experimental investigation of the dynamic performance of the LOA-based MZI has
been carried out for both 2.5 Gbit/s and 10 Gbit/s. Fig. 3-14 shows the eye-diagrams
with and without the regenerator at 2.5 Gbit/s for different input ER. Clearly, the
input signal is regenerated and the extinction ratio is improved significantly.

Back to back With 2R regenerator

2.5 Gbit/s, 1550 nm
(a) Input ER=5 dB

— Zeroline

v (b) Input ER=8.5 dB

Zero line

c) Input ER=12 dB

T~ Zeroline

T Zeroline

Fig. 3-14 Eye-diagrams with and without 2R for 2.5 Gbit/s with different input ER. Signal wavelength:
1550 nm; injection currents to the LOAs: 200 mA/250 mA.
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Fig. 3-15 gives the ER improvement versus the input ER. For an input ER of around
8 dB, an ER improvement of over 4 dB can be achieved. It can be remarked that the
eye diagram after the regenerator shows a slightly higher noise and a slightly larger
timing jitter than that before the regenerator. This could be due the fact that the input
signal is quasi-perfect and the LOAs add some ASE noise at the output. Furthermore,
a small difference in the lengths of both fiber arms might exist, which might
increase the timing jitter. This difference can in principle be further eliminated, e.g.
using variable delay lines or using an integrated version of the MZI.

ER improvement (dB)

Input ER (dB)

Fig. 3-15 ER improvements versus input ER for 2.5 Gbit/s. Signal wavelength: 1550 nm; injection
currents to the LOAs: 200 mA/250 mA.
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Fig. 3-16 Eye-diagrams with and without 2R for 10 Gbit/s. Signal wavelength, 1550 nm; injection
currents to the LOAs, 200 mA/250 mA.
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Eye-diagrams after the 2R regenerator with a seriously degraded input signal for 10
Gbit/s is shown in Fig. 3-16. The degraded input signal is obtained by decreasing the
input power level (= -30 dBm) to the EDFA, and has an ER of about 7 dB. One can
see that the noise is suppressed and the eyes become much more open. An ER
improvement of 1.5 dB has been obtained. All of the results clearly show the
potential regeneration capability for 10 Gbit/s. It should be noted that the ER
improvement for 10 Gbit/s is smaller than that for 2.5 Gbit/s. This could be due to
the polarization relaxation of the LOAs (Ref. §4.3.3, Fig. 4-14), as the devices used
here are not specifically designed for the application proposed here. The difference
of the polarization relaxation between the LOAs in both arms makes the destructive
interference incomplete at the low power level. LOAs with high speed and weak
polarization relaxation effect could be fabricated, that are better suited for optical
regeneration based on the MZI with LOAs.

In addition to the ER improvement and noise suppression, a net gain of the signal
has also been obtained. In the eye-diagram measurement for the operation with 2R
regenerator at 10 Gbit/s, an extra attenuation of about 10 dB has to be added to that
for the back to back operation to get the same received power. This implies that a
net gain of about 10 dB can be achieved with the LOA-based 2R regenerator.

Receiver sensitivity improvement

BER measurement is another efficient way to characterise the regeneration
capability of the 2R regenerator. Fig. 4-17 gives the results from the BER
measurements for the operation of back-to-back (BTB) and operation with the 2R at
a bitrate of 10 Gbit/s. Here the input power to the EDFA is about —21 dBm, 8 dB
higher than that for measuring the eye-diagrams in Fig. 3-16. One can see that a
negative power penalty of about 1 dB at a BER of 10° can be achieved for a
degraded input signal. That means a receiver sensitivity improvement of ~1 dB can
be obtained. However, the BER with 2R exhibits an error floor at around 3 x 1071°.

m With 2R

BTB

Log (BER)

Received power (dBm)

Fig. 3-17 BER versus received power for operations with 2R and BTB at 10 Gbit/s. Signal wavelength:
1550 nm; Injection current: 200 mA/250 mA.
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3.4 Discussion

In the previous section, regeneration capabilities of the LOA-based MZI have been
experimentally verified. However, the operation performance for a high bitrate (i. e.
10 Gbit/s) has some limitations due to non-identical polarization behaviours (i. e.,
polarization relaxation, polarization rotation) of the dividual LOAs used in our
experiments. In order to improve the high-speed performance, LOAs with high
speed and weak polarization relaxation effect could be helpful. Furthermore, with
the multi-channel integration technique [5] double-channel integrated "identical"
gain-clamped optical amplifiers could be developed, that are better adapted to the
optical regeneration proposed above.

As the fiber-based MZI with GCSOAs described in the previous chapter, the 2R
regenerator proposed here suffers from interference instabilities due to temperature
fluctuation and air flow also. The output of the MZI exhibits a significant fluctuation.
By fixing the whole set-up on a plate and covering it with a plastic box, the output
power instabilities have been reduced a lot, but it is still not enough. As mentioned
in Chapter 2, this problem could be solved by using active phase stabilization [6] or
monolithically integrating the MZI. This work would be part of our further efforts in
the optical regeneration project.

3.5 Summary

The LOA exhibits specific characteristics in gain, polarization, and phase due to
gain clamping, and has a high operation speed. Detailed experimental investigations
of these characteristics were described in §3.1.2. Based on the specific
characteristics of the LOAs, an all-optical 2R regenerator using a MZI with LOAs in
both arms was demonstrated experimentally in §3.2 and §3.3. An ER improvement
of 8 dB had been obtained with an input extinction ratio of 7 dB for static operation.
For dynamic operations at bit-rates of both 2.5 Gbit/s (NRZ, 2°-1 PRBS) and 10
Gbit/s (NRZ, 23!-1 PRBS), both eye-diagram and BER were measured. Significant
improvements of ER, noise, and receiver sensitivity were obtained. For 2.5 Gbit/s,
an ER improvement of over 4 dB could be achieved with the input ER of around 8
dB. With a degraded input signal, a receiver sensitivity improvement of 1 dB at a
bit-error-rate (BER) of 10 was found for 10 Gbit/s, showing the regeneration
capability for high bit rate. The effects of polarization on the performance of the
regenerator and the instability of the fiber-based setup were also discussed. It is
expected that further optimization and stabilization of the interferometer will lead to
even better regeneration.
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Chapter 4

All-optical 2R regeneration based on
polarization rotation in a LOA

In the previous chapters, optical regeneration was realized by using both gain and
phase nonlinearities in the GCSOAs and LOAs with MZI configurations. Devices
used there are desired to be with polarization insensitive gain, and polarization
variation with the intensity of the input signal is an undesired effect. Although a
reasonable polarization independent gain is technologically achievable, a total
absence of effective birefringence (a difference between TE and TM effective
indices) is virtually impossible to obtain [1] in the devices. The effective
birefringence results from the guiding properties of the amplifier waveguides and
varies with intensity of the input wave and the injection current to the device,
resulting in a polarization rotation at the output of the device. This has been verified
by our experimental results with both GCSOA and LOAs, where significant changes
of the state of polarization of the output light are observed with power level of the
input light and with the injected currents. As discussed in section §3.3, this
polarization rotation is undesired and causes, in some sense, a degradation of the
performance of the optical regeneration. However, one can wonder whether this
effect can be used as a new form of non-linear operation to generate new
functionalities. The answer is positive. Recently it has been proposed to make use of
the polarization rotation in an SOA [1] for all-optical switching [2,3], optical gating
[4,5], wavelength conversion [6], and demultiplexing [7]. In this chapter, we
demonstrate all-optical 2R-regeneration based on such a polarization rotation in a
single LOA [8]. In this chapter, first, polarization rotation induced by nonlinear
birefringence in LOAs is analysed theoretically and experimentally in §4.1.
Secondly, the operation principle of the polarization rotation based-2R regeneration
is described in §4.2. In §4.3, the experimental demonstration of the regenerative
capabilities is given. An ER improvement of 15 dB has been obtained with an input
extinction ratio of 5 dB for static operation. Experimental results for bit-rates of both
2.5 Gbit/s (NRZ, 2°-1 PRBS) and 10 Gbit/s (NRZ, 23!-1 PRBS) are presented,
respectively. With a degraded input signal, a receiver sensitivity improvement of
over 3 dB at a bit-error-rate (BER) of 10 is found for 2.5 Gbit/s. For 10 Gbit/s, zero
power penalty is observed. Significant improvements of ER are obtained for both
2.5 Gbit/s and 10 Gbit/s. The features of simple configuration, stable operation and
good regenerative capabilities make this new scheme a promising technique for all-
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optical regeneration in future optical networks. Finally, this chapter is summarized
in §4.4.

4.1 Polarization rotation in a LOA

411 Theoretical analysis

For the sake of generality, we consider a travelling wave LOA. The aim of this
section is to derive the relative variation of the state of polarization of the output
light with the input optical power (or the gain) for a given input linear polarization.
The effect of the LOA on the incident light can be described by the 2x2 Jones matrix
J, which relates the state of polarization of the light at the output to the state of
polarization at the input. Given the definition of two orthogonal reference axes (e. g.,
x and y), perpendicular to the direction of propagation, as shown in Fig. 4-1, the
complex amplitudes (Ex° and E,°) of the Jones vector of the output light are related to
the input complex amplitudes (E« and E,') by [9]

{EE}J{E%}P“ J”}{E} (4.1)
Ey Ey J2l JZ2 Ey

If the input polarization is parallel to the X axis (i.e. E,'=0), the elements j;; and jo;

are given by
. (E
J“:(Ei} (4.2a)

. Ey
L {8) wa

respectively. The linear oscillation Ey' at the input of the device has produced two
orthogonal linear oscillations E«° and E,° along the x and y axes at the output of the
device, respectively. Equation (4.2a) shows that ji; is determined by the relative
amplitude and phase of the output vibration E,° with respect to those of the input
vibration E4' ; while equation (4.2b) shows that j,; is determined by the relative
amplitude and phase of the output vibration E,° with respect to those of the input
vibration E'. If, instead of being parallel to the X axis, the input polarization is
parallel to the y axis, the elements ji» and j»; are determined by

i, = E, | (4.32)
E,

. E,
i {Ef} (4.3b)
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Fig. 4-1 The state of polarization of the input and output of the LOA.

In this case, the input linear oscillation E,' (along the y axis) has generated two
orthogonal linear vibrations E«° and E,° along the x and y axes at the output of the
device, respectively. Equation (4.3a) and (4.3b) tell us that j;» and j», are determined
by the relative amplitude and phase of the output vibration E«° and E,° with respect
to those of the input vibration E,'. An alternative equivalent form of equation (4.1) is

E° ) ion P Ei
{E; } - Ce’ﬂ{:”:m oot L} (44
y 21 y

where C and By are real numbers and are determined by the gain of the device. o1
is determined by the differential phase shift between the linear vibrations along X
and y axes. dmand Bmn (M, N=1,2, m=n) are determined by the conversion between
the linear vibrations along X and y axes. For simplicity, we only discuss 11, which
represents the influence of the effective birefringence. If the x and y axes are chosen
to correspond to the TM and TE polarization directions, respectively, o1 will
represent the differential phase shift between the TM and TE mode (i. e. , the TM
mode with respect to the TE mode). For uniform refractive indices along the
waveguide, one has:

5, =kL(ng, —n%). 4.5)

where k=274 and N7z and N;, are the TE and TM effective indices averaged
along the LOA. L is the length of the LOA.
Let us consider a small uniform amplifier section at position z of length Az for a

given input optical power. The gain experienced by the optical signal while
travelling through this section increases with the local carrier density N(z) :

G(2)=G,(N(z)-N)1-59) (4.6)

where Go is the differential gain , N; is the transparency carrier density, and § and S
are gain suppression and photon density, respectively. The total gain Gt of the
amplifier is given by the summation (or integration) of G(z) along the amplifier.
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Furthermore, the effective local refractive indices of the active region for TE and
TM modes increase linearly with N(z) :

on
- N —- 1, (4.7a)
e (0)= e + TN 1
%upmwumm%“} (4.70)
ON

where ng is the effective refractive index of the waveguide for zero free carrier
density, T is the confinement factor and (ON/ON) is the rate of change of the

refractive index of the active region with the carrier density N(z). The local effective
index is different for the TE and TM components of the optical signal owing to the
TE/TM asymmetry in both the confinement factors and the unperturbed effective
refractive indices of the LOA. Thus, the LOA exhibits an effective birefringence that
changes with the carrier density.

The TM/TE differential phase shift for the section is
S e (2) = KAz[npy, (2) = nie (2)] (4.8)

The total TM/TE differential phase shift 11 is the summation of Srmre(z) along the
LOA:

oy = kJ.[nTM (2) = Ny (2) bz (4.9)

Clearly, the TM/TE differential phase shift o1 changes with the carrier density due
to the effective birefringence in the LOA. Thus, the state of polarization of the
output light changes with the carrier density of the LOA.

For the LOAs, the gain is clamped and both the free carrier density and the total
photon density (photon density of both laser and optical signal) are constant in the
linear regime when the input power level varies. Since there is no carrier density
change, there will not be an effective birefringence change, and neither a variation
of the state of polarization at the output. Once the linear power range is exceeded,
the gain and thus the carrier density will drop rapidly. A significant change in the
effective birefringence and thus in the polarization state of the output will be caused.

In addition to the induced birefringence effects mentioned above, another effect,
induced TE/TM conversion, has been also shown to contribute to the polarization
variation in SOAs [1]. The association of induced birefringence and induced TE/TM
conversion accentuates the non-linear polarization variation of the device. The
former effect induces a modification of the state of polarization when a light with an
input polarization different from TE or TM travels through the device. The latter
effect results in some polarization rotation even for TE and TM input mode. Both
modifications vary with the intensity of the light.
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Fig. 4-2 The four parameters (6, e =tan &, A, o) that define the ellipse of polarization in its plane.

The state of polarization of the output light from the LOA is generally an elliptical
polarization (A linear polarization can be seen as a special case of the elliptical
polarization). It can be described with a number of elliptic parameters:

. The azimuth @ is the angle between the major axis of the ellipse and the
positive direction of the X axis and defines the orientation of the ellipse in its
plane.

o  The ellipticity e is the ratio of the length of the semi-minor axis of the ellipse b
to the length of the semi-major axis a,

e=b/a. (4.10)
«  The amplitude of an elliptical vibration can be conveniently defined in terms of

the lengths a and b of the semi-major and the semi-minor axes as
1

A:(a2+b2)5. 4.11)

The amplitude A, as defined by eq. (4.11), is a measure of the strength of the
elliptical vibration and its square is proportional to the energy density of the
wave at the point of observation of the field.

. The handedness of the ellipse of polarization determines the sense in which the
ellipse is described.

o The absolute phase 6 determines the angle between the initial position of the
electric vector at t=0 and the major axis of the ellipse according to Fig. 4-2.

The relation between these parameters and the Jones components is given by [9]

{Ex}=Aej{(cosﬁcosg—jsin@sing)} 4.12)

y (sin@coss + jcosPsing)

where ¢is ellipticity angle, e=tan & This equation is important in that it shows how a
Jones vector can be constructed that describes an elliptical vibration whose
amplitude A, phase o, azimuth @and ellipticity angle ¢ are given.
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For our analysis here, only the first three parameters are important and useful. The
change of the state of polarization at the output of the LOA can be concisely
specified by changes of these three elliptical parameters. In the following sections
we will use them to describe the state of polarization of the output light from the
LOA. For simplicity, the change in the state of polarization is called the polarization
rotation, i. e., the rotation of the orientation of the ellipse accompanied with a
change in its ellipticity.

4.1.2 Experimental results

The evolution of the state of polarization at the output of the LOA with input power
level has been experimentally investigated. The experimental setup is shown in Fig.
4-3, which is similar to the experimental setup for measuring the polarization
properties of a GCSOA in §2.1.2. A CW light beam from a tunable laser (Model
Tunics-plus, Photonetics) at 1550nm is amplified and then coupled into the LOA
(which is the same as that used in the LOA-based MZI in chapter 3) with its input
polarization set to be at some angle to the TE axis. The exact coupled input signal
polarization is difficult to measure since the LOA has a pigtail of standard SM-fiber.
However, there is a certain polarization for which the polarization effect is
maximized, and it is this condition that is used in the experiment. The variable
attenuator is used to change the input power to the LOA. The polarization controller
after the LOA linearises the polarization of the output, elliptically polarized, when
the LOA operates with a low input power in the linear regime. The polarizer before
the power meter is used as an analyzer to check the evolution of the state of
polarization of the output light from the LOA. By rotating the analyzer around the
light beam axis, a minimum and a maximum detected power, Pmin and Pmax, can be
found. At the minimum, the state of polarization at the input of the analyzer must be
oriented orthogonal to the transmission axis of the analyzer. The -elliptical
polarization parameters, 6, € and A can be thus determined from the azimuth angle
of the analyzer and the measured optical power Pmin and Pmax. In our experiment,
only the change of the azimuth & with respect to that in linear regime is measured as
a function of the input power and the bias current to the LOA. It will be seen in the
following sections that it is this relative change of the state of polarization that is
important for the polarization rotation based-2R regeneration. The evolution of e is
equivalently described by the evolution of (P, /P, - p)"*with the variation of the

input power. The extinction ratio, p, of the polarizer is <0.001.

1
Tunable / _&]__D % Power
LOA (HRA
laser /\/ meter
7 PC PC
EDFA ATT Polarizer OBPF

Fig. 4-3 Experimental set-up for measuring the polarization rotation of the LOA. ATT: Tunable
attenuator; PC: Polarization controller; OBPF: optical band pass filter.The polarizer is rotatable around
the light beam axis. Two collimators are used for the in- and out of-fiber coupling of the polarizer.
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Fig. 4-4 Evolution of the state of polarization at the output of the LOA with varying input power, (a) the
relative evolution of the azimuth @ with respective to that for the linear regime; (b) the evolution of
ellipticity e with the variation of the input power; and (c) saturation characteristic of the LOA. Bias
current to the LOA: 250 mA; signal wavelength: 1550 nm.
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Fig. 4-4(a) shows the relative evolution of the azimuth & with respect to that for the
linear regime, while Figs. 4-4(b) gives the evolution of e with the variation of the
input power. As a comparison, the saturation characteristic is given in Fig. 4-4(c).
The bias current to the LOA is 250 mA. It can be clearly seen that in the linear
regime both #and e are independent of the variation of the input power. That means
there is no change in the state of polarization when the input power increases in the
linear regime. Once the linear regime is exceeded, both & and e change rapidly,
showing a significant polarization rotation and a remarkable change in the degree of
ellipticity with increasing input power. This agrees with the theoretical prediction in
the above section. As A is a measure of the strength of the elliptical vibration and its
square is proportional to the power of the light, its evolution depends on the
saturation characteristic of the LOA.

It should be noted that the evolutions of the state of polarization shown above are
not the exactly those of the LOA itself. They contain some contributions from the
polarization controller after the LOA. It will be seen, however, that it is the
combined evolution of the state of polarization that is important and useful.

Obviously, by setting the analyzer with its transmission axis orthogonal to the
orientation of the linearly polarized output light of the LOA, the optical controlled
polarization rotation will result in a nonlinear transmission through the polarization
controller/polarizer (analyzer) combination, which sets the basis for the application
in optical signal processing. In the following sections, we will present an all-optical
2R regenerator based on the above polarization rotation.

4.2 Operation principle of the polarization rotation-based
all-optical 2R regenerator with a single LOA

The regenerator basically consists of a LOA followed by a polarization controller
and a polarizer, as shown in Fig 4-5. The operation of this regenerator is based on
the polarization rotation of the LOA (as shown in the previous section): while the
polarization state of the output in the linear regime is independent of the input power
level, it changes rapidly when the LOA becomes saturated due to birefringence
effects and TE/TM conversion effects. For a linearly polarized injected light beam,
the polarizaton orientation and the degree of ellipticity of the output from the LOA
will not change with varying input power level in the linear regime, as shown in Fig.
4-4. Hence, by using a polarization controller after the LOA to make the LOA
output be linearly polarized (as mentioned in §4.1.2) and by setting the polarizer (.
g., the transmission axis of the polarizer being orthogonal to the direction of the
linear polarization) so as to block the output beam, a very low output power (or a
logical “0”) is obtained below the input saturation power of the LOA. The output
power level of the logical “0” depends on the extinction ratio of the polarizer and the
filtered ASE from the LOA. For an efficient polarizer, the power level of the logical
“0” is only limited by the filtered ASE. Beyond the saturation power of the LOA,
the state of polarization at the output of the LOA is changed due to a change in the
birefringence. Both the orientation (azimuth) and the ellipticity of the polarization
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Fig. 4-5 Principle structure of an all-optical 2R regenerator based on the polarization nonlinearity of the
LOA. Top: Basic structure, bottom: changing of the state of polarization at different positions of the 2R.

vary rapidly with the input power. The polarizer can no longer block the output from
the LOA. Hence, a high power level (or a logical “1”) is obtained at the output of the
polarizer. At the same time, the LOA 1is saturated and its gain quickly drops with
increasing input power, and thus the high power level of the output becomes
saturated. As a result, an optical regeneration is realized. This can be analytically
described as follows.

Assuming the transmission axis of the polarizer is orthogonal to the X axis (as seen
in Fig. 4-5), it is easy to show, according to (Eq. 4.12), that the output power of the
2R regenerator can be given by

P, =P, GK:(T, sin> 6+T, cos 6)+P,GKZ(T, cos® 0+T, sin> )+ Py /2 (4.13)

where G and P;, are the gain and input power of the LOA, respectively. T. and Ty
are the transmission coefficients of the polarizer for input linear polarization
orthogonal and parallel to the transmission axis of the polarizer, respectively. Their
ratio is defined as the extinction ratio of the polarizer, p=T./T/. Pase is the optical
power of the filtered ASE from the LOA.

K2 =cos’ e 11 (4.14)
+e
e2

szsinzgzl . (4.15)
+

In the linear regime, the polarization of the output of the LOA is linearised by the
polarization controller after the LOA, that is, e=0, Ky=0, and K,=1. If setting the
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polarizer such as to make its transmission axis be orthogonal to the polarization
direction, 6= 0, the output power in the linear regime is thus given by

Pout = PinGTL + PASE /2 = PinGT//p + PASE /2' (4.16)

Pout depends on the extinction ratio of the polarizer and the filtered ASE from the
LOA, and thus a very low output power is obtained. For a perfect polarizer, T =1,
p=0, Pou is near zero and just limited by Pasg. For a practical polarizer, such as in
our setup, T, =0.9, p<0.001, Pout ~ -34 dBm ~ -30 dBm for the input power from —
13 dBm to -5 dBm.

When the linear regime is exceeded, the LOA is saturated and the state of
polarization of the output from the LOA changes rapidly and nonlinearly with the
input power. Both e and @ are no longer zero and change nonlinearly with the input
power (as seen in §4.1.1 and §4.1.2). A high power level is obtained at the output of
the 2R:

P, =PGT, %(siﬁ 0+e” cos> 0) 4.17)
+e

Here, Pase and T (<<T)) are omitted due to their very small values.

For high input power, the output is with a high power level and increases with the
induced increase of 8 (<m/2) and e (<=1). But meanwhile the gain, G, of the LOA
decreases with increasing input power, which makes the output power of the 2R
saturate.

In the 2R regenerator, the polarization controller before the LOA is added for
adjusting the initial polarization of the input signal beam and thus getting an
optimum polarization rotation effect.

Fig. 4-6 shows the calculated static regenerative characteristic of the 2R, which is
based on the measured e, 6, and the gain G given in Fig. 4-4. In the calculation, the
extinction ratio of the polarizer was assumed to be p=0.0006 (-32 dB) and T,=0.9.
The filtered ASE from the LOA was set to be -42 dBm. For comparison, static
regenerative characteristics for different orientations of the polarizer are also given.
It can be seen clearly that an optical regeneration is obtained based on the
polarization rotation of the LOA. A significant improvement of extinction ratio can
be achieved. For example, an improvement of about 19 dB can be obtained with an
input extinction ratio of 10 dB. The output of the 2R regenerator is sensitive to the
orientation of the polarizer in a null condition and thus the regeneration at the logical
“0” sensitively depends on the setting of the polarizer. A small deviation of its
orientation from being orthogonal to the linear polarization direction will lead to an
increase of the “0” level and a change of the regeneration characteristic. For 2 dB
change in the logical “0” level, the tolerance of the polarizer’s orientation is about £+
2°.
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Fig. 4-6 Calculated static regeneration characteristics for different orientation of the polarizer. Extinction
ratio of the polarizer, 32 dB; T, = 0.9; Filtered ASE, -42 dBm. “0 Deg” means that the transmission axis
of the polarizer is orthogonal to the polarization direction of the light; “+ 1, + 2 Deg” represent the
deviations of its orientation from being orthogonal to the linear polarization direction.

The advantages of this new scheme of all-optical 2R regeneration are its immunity
against small signal distortion in the “0” level and a potentially large extinction ratio
(ER) improvement. This results from the flat gain response for small signal powers
and the sudden drop in gain as soon as the linear power range is exceeded. The gain
of the LOA is clamped and thus does not change in the linear regime. Since there is
no gain change, there will not be a polarization state change either. The sudden drop
in gain causes a significant change in polarization state of the output of the LOA, as
seen in Fig. 4-4. This results in a quasi-ideal regeneration at the “0” level and a high
ER improvement.

4.3 Experimental demonstration of the regenerative
capabilities

The experimental set-up used for demonstrating optical regeneration is shown in Fig.
4-7. A tunable laser source (Model Tunics-plus, Photonetics), an external modulator,
and a pulse pattern generator (Advantest D3186) are combined and used as a
transmitter. A variable attenuator and an EDFA are used as to control the signal to
noise ratio at the input so as to simulate the degradation of the signal. The ER of the
input data signal is controlled by changing the driving pulse amplitude (i. e.,
electrical pulse signal amplitude) of the external modulator. The LOA used in our
experiments, as seen in Fig. 4-8, is supplied by Genoa Corp., USA. It is biased with
250mA. The optical band pass filter (OBPF2) after the 2R regenerator has a 3 dB
bandwidth of 0.3 nm and is used to reduce the ASE from the LOA. The polarizer has
an extinction ratio of 30dB. A Digital Sampling Oscilloscope (Tektronix 11801B)
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Fig. 4-7 Experimental setup. TL: tunable laser, ATT: Attanuator, Mod: Mach-Zehnder modulator, PC:
polarization controller, Pol: polarizer, OBPF: optical band pass filter.

Fig. 4-8 Photograph of the LOA used in the experiments of the 2R regeneration based on polarization
rotation.

and an Error Detector (Advantest D3286) are used in the detection system for
measuring the eye-diagrams and BER, respectively. The regeneration characteristics
of the 2R regenerator are investigated for static operation and dynamic operation at
both 2.5 Gbit/s (NRZ, 2°-1 PRBS) and 10 Gbit/s (NRZ, 23'-1 PRBS). For 10 Gbit/s,
measurements for the RZ signal with a word pattern of (1010010101010010) have
also been carried out. The receivers used for dynamic measurements at 2.5 Gbit/s
and 10 Gbit/s are Tektronix ORR24 and HP11982A optical receivers, respectively.

4.3.1 Static regeneration characteristics

Fig. 4-9 gives the measured static transfer characteristics of the 2R regenerator. It
can be seen that a quasi-perfect regeneration is achieved. An ER improvement of 19
dB can be obtained for the input ER of 10 dB. Even for a very low input ER (e.g., 5
dB) an ER improvement of more than 15 dB can be achieved.
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Fig. 4-9 Static regeneration characteristic. Bias current to the LOA: 250 mA, wavelength: 1550 nm.
Losses of the optical filter and polarizer are 3.2 dB and 2.2 dB, respectively.
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Fig. 4-10 Static regeneration characteristic for different bias currents to the LOA. Wavelength: 1550 nm.
Losses of the optical filter and polarizer are 3.2 dB and 2.2 dB, respectively.

In principle, the saturation input power increases with increasing bias current to the
LOA, and thus the decision threshold of the 2R can be adjusted simply by changing
the bias current. Fig. 4-10 shows the static regenerative characteristics for three
different bias currents to the LOA. Only a small shift (~1.5 dB) of the decision
threshold is found when changing the bias current from 175 mA to 250 mA. This
weak response is due to the fact that the LOA used in our experiment is not
specifically designed for the application proposed above and its saturation input
power is not so sensitive to the bias current (as seen in Fig 3-3 of Chapter 3). LOAs
with high polarization nonlinear effects (high birefringence, high TE/TM conversion)
and larger shift of saturation input power with bias current could be
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Fig. 4-11 Static regeneration characteristic for different signal wavelengths. Bias current to the LOA: 250
mA. Losses of the optical filter and polarizer are 3.2 dB and 2.2 dB, respectively.

fabricated, that are better adapted to the optical regeneration based on the
polarization rotation.

Fig. 4-11 shows the static regenerative characteristics for different wavelengths.
Good regeneration has been obtained from 1550 nm to 1570 nm. A small difference
in the regeneration at the “0” level is due to the different polarization rotation for
different signal wavelengths. Actually, the operation wavelength range of the 2R
regenerator is determined by the optical bandwidth of the LOA and the polarization
rotation in that wavelength range. As shown in Chapter 3 (as seen in Fig. 3-5 and
Fig. 3-6), the optical bandwidth of the LOA is 30 nm. Experimental measurements
show that significant polarization rotation can be obtained over that wavelength
range. The 2R regeneration can be achieved over the optical bandwidth of the LOA.
It should, however, be noted that the state of polarization at the output of the LOA is
sensitive to the signal wavelength. To get a good regeneration for different
wavelength, the polarization controller after the LOA has to be adjusted for every
signal wavelength.

4.3.2 Regenerative capabilities at 2.5 Gbit/s

The regenerative capabilities of the regenerator under dynamic operation at 2.5
Gbit/s are demonstrated in Figs. 4-12 to 4-14. Fig. 4-12 shows the eye diagrams with
and without the 2R regenerator for degraded signals with different input extinction
ratios, while Fig. 4-13 shows the ER improvements as a function of the input ER for
the same input optical power of 3 dBm. Both figures are obtained for a signal with a
bitrate of 2.5 Gbit/s. Clearly, the input signal is regenerated. The "0" levels in the
input signal have been lowered. The eyes become much more open after the 2R
regenerator. A significant improvement of the ER is demonstrated. For an input
signal with an ER of 4 dB, 8 dB improvement in the ER is obtained. Even for a very
deteriorated input signal with an extinction of 3 dB, an extinction ratio improvement
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of 5 dB is still achieved. For an input ER higher than 4 dB, the improvement of ER
becomes lower. This is mainly due to the fact that the logical “0” level of the output
signal has already reached its limit and the output ER goes to saturation to some
extent.

Fig. 4-14 contains the results from the BER measurement for two different degraded
input signals. Comparing the BER results for the operation of BTB and operation
with the 2R, one can see that a negative power penalty of 3.3 dB at a BER of 10~
can be achieved for the degraded signal with 3 dB ER. That means an improvement
of more than 3 dB in the receiver sensitivity can be obtained with the proposed 2R-
regenerator. For a slightly degraded input signal with an ER of 4 dB, the power
penalty is about -2 dB.
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Fig. 4-12 Eye diagrams with and without 2R regenerator for different input signal ER at a bitrate of 2.5
Gbit/s (NRZ, 2°-1 PRBS). All of the eye diagrams are measured with the same received optical power.
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Fig. 4-13 ER improvement as a function of the input ER for 2.5 Gbit/s. Input power to the 2R: 3 dBm;
Bias current to the LOA: 250 mA; Signal Wavelength: 1550nm.
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Fig. 4-14 BER as a function of the received power with and without 2R at 2.5 Gbit/s for different
degraded input signals, B -- with the degraded input signal with the ER of 3 dB, O-- with the slightly
degraded input signal with the ER of 4 dB. Input power: 3 dBm; signal wavelength: 1550 nm.

4.3.3 Regenerative capabilities at 10 Gbit/s

Experiments for 10 Gbit/s (NRZ, 23'-1 PRBS) have also been carried out. Due to the
low sensitivity of the receiver (HP11982A), an optical pre-amplifier (EDFA) was
used before the receiver for BER measurements. Fig. 4-15 shows the eye diagrams
with and without the 2R regenerator for degraded signals with different input ER. It
can be clearly seen that the CW component in the input signal is removed and the
noise at logical “0” is suppressed after the 2R regenerator. The eyes become much
more open and the input signal is regenerated.
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From Fig. 4-15, one can see a clear “tail” at the falling edge of the output signal for
the input signal with low ER (with high logical “0” level). When the logical “0”
level of the input signal gets lower, the “tail” becomes weaker. This “tail” results
from a polarization relaxation (the state of polarization of the output light of the
LOA can not be simultaneously recovered when the signal goes to logical “0”),
since the logical “0” level at the output of the 2R sensitively depends on the state of
polarization. This can be also shown with another simple experiment. In that
experiment, the polarizer is turned around the light beam axis and it can not totally
block the output beam from the LOA for the input logical “0”. The output “0” level
of the 2R increases and the “tail” vanishes as the polarizer is being rotated, as shown
in Fig. 4-16. Both observations demonstrate that the “tail” belongs to a polarization
different from that of the regular “0”, which arises from the polarization relaxation.
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Fig. 4-15 Eye diagrams with and without 2R regenerator for 10 Gbit/s (NRZ, 2*'-1 PRBS) for different
input signal with different extinction ratios. Input power: 5 dBm; Bias current to the LOA: 250 mA. All
of the eye diagrams are measured with the same received optical power.
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Fig. 4-16 Comparison between the eye diagrams for different polarizer orientations. The input signal is

the same as that in Fig. 4-10 (b), input ER=5 dB. Both eye diagrams are measured with the same received
optical power.

ER improvement (dB)

Input ER (dB)

Fig. 4-17 ER improvement as a function of the input ER for 10 Gbit/s. Input power to the 2R: 5 dBm;
Bias current to the LOA: 250 mA; Signal Wavelength: 1550nm.

Fig. 4-17 shows the improvement of ER. For an input signal with an ER of 6 dB,
more than 5 dB improvement in ER is obtained. Even for a very deteriorated input
signal with an extinction of 4 dB, an extinction ratio improvement of > 3 dB is still
achieved. For the same reason as for 2.5 Gbit/s, the ER improvement for 10 Gbit/s
drops with the increase of the input ER after its peak at 5.3 dB for the input ER of 6
dB. The output ER is larger than 11 dB at the input ER of 7 dB.
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Fig. 4-18 BER as a function of the received power with and without 2R at 10 Gbit/s. Input power to the
2R: 5 dBm; Input ER: 5 dB; Bias current to the LOA: 250 mA; Signal Wavelength: 1550nm.

Fig. 4-18 gives the BER measurement results with and without the 2R regenerator
for a degraded signal with 4 dB ER, showing a zero power penalty at a BER of 107.
Here no negative power penalty is found. This is due to the polarization relaxation
mentioned above and the induced pattern distortion at the falling edge of the signal,
as seen in Fig. 4-15. In order to minimise this undesired effect, it is necessary to
enhance the speed and reduce the polarization relaxation effect in the LOA. This
could be a further effort for optimising the LOA for the polarization rotation-based
optical regeneration at high bitrates.

Experiments for a “quasi” RZ signal with a word pattern of (1010010101010010)
have also been carried out for 10 Gbit/s. Fig. 4-19 demonstrates the eye diagrams at
the input and output of the 2R regenerator for the input signals with different ER.
Note the time delay in the eye diagrams after the 2R regenerator. As it can be seen,
the degraded input signal is regenerated. The “0” level of the input signal is
significantly reduced. An ER improvement of more than 5 dB can be achieved for
an input ER of 6 dB. The noise at the logical “0” level is suppressed. All of these
demonstrate the regenerative capability for RZ signals. Noise suppression at the
logical “1” level has not been found due to the weak regeneration of the 2R at the
logical “1”. It can be improved, however, by using a narrow optical band pass filter
as in the saturable absorber based 2R regeneration for the RZ signal [10].



76 Chapter 4

Back to back With 2R

. - . -m
13.14ns 80ps/div 23.94ns 23.14ns 8Bps/div 23.94ns

Back to back

By : 280V : With 2R

-21mV. : S-21mV.

23.14ns BBps/div 23.94ns_ 23.14ns BBps/div 23.94ns

Fig. 4-19 Eye diagrams with and without 2R regenerator for 10 Gbit/s quasi-RZ signal with a word
pattern of (1010010101010010) for input signals with different extinction ratios. Input extinction ratio: 5
dB (top), and 6 dB (bottom). Input power: 5 dBm, Bias current to the LOA: 250 mA. All of the eye
diagrams are measured with the same received power.

4.4 Summary

The LOA exhibits polarization rotation due to the non-linear effective birefringence.
Both orientation and ellipticity of the elliptical polarization of the output light from
the LOA change with increasing input power when the LOA is saturated, but not in
the linear regime. Based on this nonlinear change of the state of polarization with
input optical power, an all-optical 2R regenerator can be realized by using a single
LOA. Under static operation, an ER improvement of 19 dB has been obtained for
the input ER of 10 dB, and a 15 dB ER improvement for the input ER of 5 dB. With
a degraded input signal, a receiver sensitivity improvement of over 3 dB at a bit-
error-rate (BER) of 10 has been found for 2.5 Gbit/s. For 10 Gbit/s, zero power
penalty is observed. Significant improvements of ER are obtained for both 2.5 Gbit/s
and 10 Gbit/s. The 2R regenerator can be used for both NRZ and RZ formats, and its
operating wavelength range can be up to 30 nm. In addition, the decision threshold
of the 2R regenerator can, in principle, be adjusted simply by changing the bias
current to the LOA. The features of simple configuration, stable operation and high
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regenerative capabilities make this new scheme a promising technique for all-optical
regeneration in future optical networks.

It is clear however that control of input polarization is required in this new scheme,
which may be disadvantageous in some circumstances. But it could be extended to
an input polarization insensitive 2R regenerator with a polarization diversity scheme.
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Chapter 5

Noise suppression in spectrum-sliced
WDM systems

Spectrum slicing is an attractive WDM technique in which optical filters are used to
obtain a spectral slice of light from a broadband source and modulators encode data
onto the slice [1,2]. Spectrum slicing is a strong candidate for future FTTH access
networks [3-6], and has potential for cost-sensitive local area network applications,
because the need for multiple semiconductor lasers stabilized at specific
wavelengths is avoided and the potential exists for a network that uses a single
shared source. The spectrum slicing technique was first presented and demonstrated
by M. H. Reeve and co-workers in British Telecom Research Laboratories, United
Kingdom in 1988 [1]. It has been investigated and further developed in the past
years. Spectrum slicing of both coherent broadband sources such as femtosecond
mode-locked lasers [7-10], Fabry-Perot lasers [11], and super-continuum generators
[12-15] and incoherent broadband sources such as EDFAs [16, 17], LEDs [18, 19]
and superluminescent LEDs [20] has been demonstrated. The coherent broadband
sources are costly and complex, probably limiting the scope for their use to high
performance WDM transmission systems. The incoherent broadband sources are
more widely available and low cost, making them potentially suitable in cost-
sensitive access and other network applications. Recently, spectrum-sliced WDM
systems using incoherent broadband sources for passive optical networks and local
access networks have been reported [21-26]. However, light spectrally sliced from
an incoherent source is thermal-like and, therefore, exhibits excess intensity noise
that limits the achievable bit error rate for a given slice bandwidth [27, 28].
Previously, this limitation could have been overcome only at the expense of system
capacity, i.e., by increasing the optical bandwidth or by reducing the bitrate of the
channel. We have investigated a technique for reducing excess intensity noise in the
spectrum-sliced WDM system, which is based on the specific noise properties of a
saturated SOA. In this chapter, we first define the spectrum slicing and briefly
review the intensity noise properties of light spectrally sliced from an incoherent
broadband source, its limitation on the transmission performance of the spectrum-
sliced WDM system and existing solutions for the intensity noise reduction in
section §5.1. In §5.2, a theoretical analysis of the noise suppression using a saturated
SOA is given. The influence of the injected current and the input power level of the
SOA on the noise reduction and its bandwidth is studied, and the optimum condition
for a high noise suppression ratio and a large bandwidth is derived. Experimental
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results of relative intensity noise (RIN), SNR, and BER improvements have
confirmed the theoretical predictions. Finally, a summary is given in §5.3.

5.1 Intensity noise limits in spectrum-sliced WDM
systems

511 Spectrum-sliced WDM system

A schematic diagram of a spectrum-sliced WDM system is shown in Fig. 5-1. The
broadband light source is efficiently split into many WDM channels by using a 1xN
WDM demultiplexer, each channel is modulated individually, and the channels are
multiplexed back into a single-mode fiber by using an Nx1 WDM multiplexer in a
central office. Each channel of the transmission system takes a slice from the output
spectrum of the broadband light source. After transmission, the multiplexed signals
enter another 1xN WDM demultiplexer, and the demultiplexed signals are sent to
the corresponding subscribers' sites through the single-mode fibers. As mentioned
above, the broadband light source used in spectrum-sliced WDM system can be an
incoherent ASE source (e. g., LEDs, superluminescent LEDs, or EDFAs) or a
coherent broadband source (e. g., femtosecond mode-locked lasers, Fabry-Perot (FP)
lasers, or super-continuum generators). The WDM multi- and demultiplexers can be
waveguide grating routers (WGR's) or other multi-channel optical bandpass filters.

i ?/ ; mod i é_‘\\ Rx] Subscriber 1
i ' / mod i '—hi\iﬁ Subscriber 2
i source i
i i Optical =
i [\ | Fibre L
i mod i _H Subscriber N
R : Remote

Central office node

Fig. 5-1 Schematic diagram of the spectrum-sliced WDM system based on a broadband light source
(downstream transmission).
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Fig. 5-2 Schematic diagram of an upstream transmission system using spectral slicing.

Obviously, the system shown in Fig. 5-1 is for downstream transmission. The
spectrum-sliced WDM system for upstream transmission is schematically displayed
in Fig. 5-2. In the upstream transmission, a central office is connected by a single
fiber to a remote node that contains a waveguide router. There are N input ports of
the router, and a single fiber runs from each input port to a subscriber. Each router
port has multiple passbands seperated from one another by the router's free spectral
range (FSR), and the passbands of one port are separated from those of the adjacent
ports by the channel spacing (CS) of the router. The light from the LED's is
spectrally sliced at the router in the remote node, and the signals are multiplexed
onto the fiber that goes to the central office. The central office contains a router that
demultiplexes the different wavelengths and routes the light from each LED to a
separate detector.

The system depicted is an example of a passive optical network (PON), that is, it is a
point-to-multipoint system with no active elements between the endpoints. The cost
of the system is quite sensitive to the cost of the upstream transmitter because there
is one transmitter at each subscriber, so inexpensive broadband ASE sources (e. g.
LEDs, or SLEDs) could be an ideal choice.

Spectral slicing of the broadband ASE sources has certain limitations. One is that the
optical power of each channel is low as it just takes a slice of the total output
spectrum and hence optical power of the ASE source. This limits the area a PON can
serve without further amplification. This problem could be solved using high power
broadband ASE sources [16, 29-31].

A second problem that arises in spectral slicing is that interference due to linear
crosstalk can be quite high. It has been noted that the tails of a Gaussian optical
passband contribute to crosstalk [32]. In the waveguide router [33], the passband
shape is Gaussian only over a limited wavelength range and there is a finite
maximum rejection level for out-of-band light. Both the passband shape and the
finite out-of-band rejection lead to crosstalk in the demultiplexer. In addition, the
finite rejection and passband shape of the multiplexer lead to non-ideal spectral
slicing, and therefore contribute additional interference. That is, after multiplexing,
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some of the light from LED#1 will appear in the optical passbands of channels 2, 3,
and so on. As a result, even a perfect optical demultiplexer could not produce a
crosstalk-free signal at the central office or the subscribers' sites. Finally, in a PON,
there will be no electrical power at the site of the multiplexer, so the temperature of
the multiplexer cannot be controlled. Changes in temperature will lead to changes in
the positions of the optical passbands of the multiplexer [5]. If the demultiplexer
tracks these changes imperfectly, the resulting channel misalignment will lead to
increased crosstalk as well as increased slicing loss. This issue has been extensively
investigated [32, 34, 35], and the crosstalk could be reduced using a router with
small temperature dependence or using some wavelength tracking techniques to
reduce the misalignment between the multiplexing and the demultiplexing routers.

A third important issue of the spectrum-sliced WDM system based on the incoherent
broadband source is the intensity noise limit. The broadband ASE light sources
make the spectrum-sliced WDM system cost effective. However, the optical slice of
the incoherent light source exhibits a high intensity noise due to the spontaneous-
spontaneous beating when it is detected in the receiver [27, 36-38]. This intensity
noise, termed excess intensity noise, is inversely proportional to the optical
bandwidth of the slice of incoherent light source. For moderate distances and data
rates, the excess intensity noise does not pose a problem. But it places limits on the
achievable performance when the spectrum-sliced WDM system operates at a high
bitrate (2.5 Gbit/s and beyond) and over a long distance.

Spectrum-sliced WDM systems using coherent broadband sources such as
femtosecond mode-locked lasers and Fabry-Perot (FP) lasers exhibit so called mode
partition noise due to spectral filtering of multiple modes [39,40]. Similar to the
excess intensity noise of the sliced incoherent ASE source, the mode partition noise
causes a large degradation of the SNR of the transmission system.

In the following sections, we will focus our discussion and analysis on the excess
intensity noise limits to the transmission performance of the incoherent ASE source-
based spectrum-sliced WDM system and on the suppression of this excess intensity
noise.

51.2 Limits on the transmission performance caused by excess
Intensity noise

Theoretical analysis

Fig. 5-3 shows a schematic diagram of a single spectrum-sliced WDM channel from
an incoherent ASE source. Light from a broadband, incoherent ASE source is
filtered to produce a spectral slice that is fed to an optical intensity modulator to
encode data onto the slice. It arrives at an optical bandpass filter normally identical
to that used to produce the transmitted spectrum. The filter is followed by an ideal
square-law detector and an electrical low-pass filter. If the ASE is unpolarized and
has a linewidth substantially greater than the modulation bandwidth, as is the case in
a spectrum sliced system, then the mean-square photocurrent fluctuations produced
in a photodetector in a bandwidth B. can be written as [26, 38]
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Fig. 5-3 Schematic diagram of a single spectrum-sliced WDM channel using incoherent ASE source.
OBPF: optical bandpass filter; Mod: intensity modulator; E-LP filter: electrical low-pass filter.

<AI§>=4RKFBe+2q<IS>Be+<IS>2 E’; (5.1)

L

Here the first two terms are the well-known thermal noise and shot noise, and the
third term represents excess intensity noise due to the mutual beating between
spontaneous emission components. <ls> is the optical mean power of the signal. The
thermal noise, the shot noise, and the excess intensity noise can be considered as
"white" noise sources at frequencies of electronic interest. In the case of spectrum-
sliced system, Be is the noise equivalent bandwidth of the electrical low-pass filter,
and is defined by [28]

1 I 2
B,=——||G d (5.2)
e 2”|G(Ox2 £| (a)x &

where @ is the angular baseband electrical frequency. G(w) is the frequency
response of the receiver noise filter.

The term Avis determined by the optical linewidth of the source, and is defined by

A= U;P(v)d VT sz(v)dv 63

where P(V) is the power spectral density of the optical field.

The SNR of the received signal can be written as

SNR = (L) = (L) (5.4)

(A7) (4KT/R,)B, +2¢(1,)B, +(1,)'B, / Av
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In traditional LED transmission systems, the spontaneous-spontaneous beat noise is
negligible because of the large optical bandwidth. However, it becomes dominant
over electrical noise (shot noise and thermal noise) when the optical bandwidth per
channel is significantly reduced as in the proposed spectrum-sliced WDM system.

For a given spectrum-sliced WDM channel, Be can normally be assumed to be 0.75
times the transmission bitrate B [28], and hence the SNR is inversely proportional to
the bitrate B. For very low signal powers, the excess intensity noise is small, and the
electrical noise dominates over the excess intensity noise. The SNR is given by

SNR,, = <IS> (Shot-noise-limited) (5.5
¥ 208,

For high signal powers, the excess intensity noise becomes dominant, and the excess
intensity noise limited SNR is given as

SNR :ﬂ (excess-noise-limited) (5.6)
ex B

e

For partially polarized light, the SNRe in (5.6) must be decreased by a factor
(1+p?)/2 where p is the degree of polarization [28]. Using polarized ASE, therefore,
decreases SNRex by a factor of two.

The SNRe is constant for all values of received power and is proportional to the
optical linewidth of the signal. Obviously, the constant SNRex will result in an error
floor, which limits achievable transmission performances such as transmission
distance and bitrate. Since the excess intensity noise dominates, the electrical noise
of the receiver can be neglect, and there is no noise when the signal is not present (.
e., for the logical "0"). The BER can be given by [41]

BER = %erfc(Q/\/E) 5.7)

Q zﬁzq/SNRex (5.8)
<A|j>

At a given bitrate, SNRex may be increased by increasing the optical linewidth of the
spectral slice, and thus the error floor is reduced. However, increasing the optical
linewidth will also increase the errors due to dispersion-induced intersymbol
interference. In addition, dispersion also causes a decrease in the SNRe. This leads
to dispersion-induced errors in addition to those produced by intersymbol
interference alone [28]. For a given optical link, there is a tradeoff in linewidth
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between increasing the SNRe and reducing dispersion-induced intersymbol
interference. Consequently, the spectrum-sliced WDM system is limited to low
bitrate and short distance transmission due to excess intensity noise. This will be
confirmed by both simulation and experimental results described in the following.

Experimental and simulation results

The setup used for the transmission experiment using a single spectrum sliced WDM
channel is shown in Fig. 5-4. The amplified spontaneous emission (ASE) from a
SLED, as shown in Fig. 5-5 (1550MHFD, Opto speed) was spectrally sliced using a
fibre Bragg grating (FBG) filter. The slice of light was NRZ-modulated using a
LiNbO5 external modulator with a 223-1 pseudorandom-bit-sequence (PRBS) pattern,
and then detected using a receiver with electrical low pass filters and an oscilloscope
(Tektronix 11801B digital sampling oscilloscope).

Fig. 5-6 shows the optical spectra of the broadband incoherent light from the SLED
and the optical slice filtered out from this light source. The central wavelength of the
slice is 1550.9 nm and its 3 dB-bandwidth is 0.5 nm. Fig. 5-7 gives the eye diagrams
of the spectrum-sliced WDM channel for different bitrates at back to back operation.
There is a considerable contribution of intensity noise to the high level of the eye. At
low bitrates, e.g. several hundreds of Mbit/s, the eyes are open well, but at high
bitrates, e. g. 2.5Gbit/s, the intensity noise becomes significant and the eyes are
almost closed. The eye diagrams for different slice bandwidths are shown in Fig. 5-8.
Larger slice bandwidth results in a higher signal to noise ratio and thus a better eye
diagram. These results are consistent with the theoretical analysis described above.

| | FBG-ilter

0 H

Modulator SM fiber Receiver  Oscilloscope

3 dB coupler

Fig. 5-4 Setup for the fibre link experiment with spectrum-sliced WDM

Fig. 5-5 Photograph of the SLED used for spectral slicing.
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Fig. 5-6 Optical spectra of the SLED and the optical slice. The central wavelength of the slice: 1550.9 nm;
3 dB-bandwidth: 0.5 nm.
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Fig. 5-7 Eye diagrams for different bitrates at back to back operation. Optical slice bandwidth: 0.5nm
(Av=63.8 GHz), signal wavelength: 1550 nm.
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Fig. 5-8 Eye diagrams for different bandwidths of the optical slice and different bitrates. Back to back
operation. Signal wavelength: 1550 nm.
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Fig. 5-9 Simulation setup of a single spectrum-sliced WDM channel. Broadband source: ASE from
EDFA,; optical filter:Gaussian, 1537nm; signal: PRBS-order 8; extinction ratio of Mod: 30dB; detector:
PIN, shot noise on; thermal noise: le -12A/\/Hz; E-LP-filter:Bessel, bandwidth, 0.75 x bitrate; fiber link:
standardSMF.

With PTDS (Photonic Transmission Design Suite, currently called VPI) from Virtual
Photonics Incorporated [42], simulations of the transmission of a single spectrum-
sliced WDM channel were also performed. The simulation setup is shown in Fig. 5-9.
Fig. 5-10 gives the simulation results for back to back operation. In the figure, BER
curves as a function of received power are given for bitrates of 1.25 Gbit/s and 2.5
Gbit/s, respectively. One can see clearly that there is an error floor in the high
received power region where the excess intensity noise dominates, and the error floor
can be lowered by decreasing the bitrate.
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Fig. 5-10 BER versus received power for the bitrates of 1.25 Gbit/s and 2.5 Gbit/s for back to back
operation. Optical slice bandwidth: 90 GHz (0.7 nm).

As mentioned in the above section, the excess intensity noise limited SNR and thus
the BER can be improved by increasing the slice bandwidth. However, increasing
the optical linewidth will also increase the error due to dispersion-induced
intersymbol interference. For a given optical link, there is thus a tradeoff in
linewidth between increasing the SNRex and reducing dispersion-induced
intersymbol interference. Fig. 5-11 shows BER as a function of slice bandwidth for
different fiber (standard single mode fiber) lengths of the optical link operating at
625 Mbit/s, while Fig. 5-12 gives that for a bitratre of 2.5 Gbit/s. In the simulation,
the received power was —15 dBm and thus the excess intensity noise dominated over
the receiver noise. It can be seen that for narrow slice bandwidths, the BER is
dominated by the excess intensity noise and decreases with increasing slice
bandwidth; whereas for larger slice bandwidths, dispersion becomes the limiting
factor. For a given bitrate and fiber link length, there is an optimum slice bandwidth
that minimizes the BER. The optimum slice bandwidth decreases with increasing
fiber link length, and the minimum BER increases. Consequently, the achievable
transmission distance is limited for a given bitrate. From the simulation results given
above, transmission over 100 km with a BER of 10 can be achieved for a bitrate of
625 Mbit/s with a slice bandwidth of 0.8 nm. But for a bitrate of 2.5Gbit/s, less than
10 km transmission with a BER of 10 can be achieved with a slice bandwidth of
1.4 nm.
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Fig. 5-11 BER versus optical slice bandwidth for different optical fiber link lengths at a bitrate of 625
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Fig. 5-12 BER versus optical slice bandwidth for different optical fiber link lengths at a bitrate of 2.5
Gbit/s.
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It should be pointed out that the simulation described here is just based on a simple
Gaussian mode, and the achievable transmission performance such as the
transmission distance of the spectrum-sliced WDM channel could have been over
estimated. This is because the probability density function (PDF) of detected thermal
light can be approximated by a Gaussian only close to the mean and there are
significant deviations in the tails [43]. Nevertheless, from a qualitative point of view
the simulation agrees well with the theoretical results.

5.1.3 Possible solutions of intensity noise suppression

The spectrum-sliced incoherent light has a large intensity noise that strongly limits
transmission bitrate and distance of the spectrum-sliced WDM system. In order to
break the limitations and improve the performance of spectrum-sliced WDM, three
different techniques have been reported recently: a feedforward modulation
technique [44, 45], an intrachannel four-wave mixing (IC-FWM) technique [46],
and a technique based on a saturated SOA [47,48].

Feedforward modulation technique

The feedforward modulation technique of intensity noise reduction is an electrical
method that is shown in Fig. 5-13 [44]. The feedforward noise reduction (FFNR)
circuit is shown in the shaded region and consists of a fiber coupler, an optical
attenuator, photodetector and electrical gain and phase matching elements. A
fraction of the filtered incoherent light is tapped off and the excess intensity noise
detected. The remaining light forms the primary signal and propagates through the
modulator. The excess intensity noise detected by the FFNR circuit results from
excursions in the optical power above (over-shoots) and below (drop-outs) the
average power. Reducing the primary signal during signal over-shoots and
increasing the primary signal during drop-outs reduces the excess intensity noise of
the primary signal. As the average power is unaffected, the SNR of the primary
signal is improved. This technique can achieve a wideband reduction of excess
intensity noise. For transmission at 2.5 Gbit/s, the BER can be reduced for a given
received optical power by over three orders of magnitude. A four-fold increase in
capacity has been demonstrated owing to the less optical bandwidth required than a
spectral slice without noise reduction. Obviously this technique, however, needs
complicated microwave circuits at the transmitter with a critical timing control.

olarization controller
Fabry- coupler (‘0‘0’) p
Perot filter >
rrrrrrrr fiber LiNbO, modulator
delay
DCin RF in
polarized optical -
broadband attenuator amplifier
source photo-
detector amplifier delay data
* —
electrical path — T e
optical path  — feedforward noise reduction (FFNR) circuit

Fig. 5-13 Schematic diagram of a spectrum-sliced transmitter with feedforward noise reduction.
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Fig. 5-14 Schematic diagram of the intrachannel four-wave mixing technique for intensity noise reduction
in a spectrum-sliced WDM channel. OF: optical filter; DSF: dispersion-shifted fiber; ATT: optical
attenuator; ORX: optical receiver.

IC-FWM technique

The basic idea of the IC-FWM technique is that the optical slice has much narrower
optical bandwidth than the conventional limit during its transmission through the
fiber link of the spectrum-sliced WDM channel. When the slice arrives at the
receiver side, its optical bandwidth is expanded using an optical nonlinear
bandwidth expansion block that is based on the intrachannel four-wave mixing.
Even though the SNR is poor during the transmission, sufficient SNR can be
obtained through the optical bandwidth expansion at the receiver. The schematic
diagram of the IC-FWM technique is shown in Fig. 5-14. The shaded region shows
the nonlinear bandwidth expansion block. It consists of 20-km DSF and an EDFA.
The optical filter (OF2) has much larger bandwidth than that of the first optical filter
in the transmitter and is used to filter out some noise from the EDFAs. Transmission
for 2.5 Gbit/s incoherent spectrum-sliced channel with only 0.1 nm slice bandwidth
has been demonstrated using this technique [46]. Since the optical bandwidth of the
transmission channel is reduced, the maximum number of spectrum-sliced WDM
channel can be increased and the dispersion penalty can be reduced simultaneously.
The drawback of this technique is that a dispersion-shifted fiber and a high power
EDFA are needed at the receiver.

Saturated SOA-based technique

On the contrary, the saturated SOA-based technique is a more simple and efficient
technique to reduced the intensity noise. In this technique, an SOA operating at
saturation is used at the transmitter before the optical modulator. The gain-saturation
characteristics of the SOA suppress the intensity noise and increase the intensity-
noise-limited SNR very effectively. This technique was proposed in 1997 [47], and
experimentally demonstrated in the passed several years [48-52]. Such techniques
have the advantage of simplicity, high efficiency and potentially low cost since the
saturated SOA can be used simultaneously for both noise reduction and signal
modulation. Therefore, it is very practical and useful for application in cost-sensitive
local area networks. However, previous reports on the noise reduction considered
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only the dependence of the noise reduction on the gain compression (input power
level) of the SOA or consisted of a simple experimental demonstration. In the
following section, we present a more complete analysis of the noise reduction in
spectrum-sliced WDM systems. The influence of the injected current and the input
power level of the SOA on the noise reduction and its bandwidth is studied
theoretically and experimentally, and the optimum condition for a high noise
suppression ratio and a large bandwidth is derived.

5.2 Intensity noise suppression using a saturated SOA

5.2.1 Analytical theory

Intensity noise suppression using a saturated SOA is based on the specific noise
properties of the saturated SOA. We consider a travelling wave SOA. An optical
beam is incident and propagates through the SOA. Neglecting the contribution of the
spontaneous emission from the SOA itself, the propagation of optical power, P, and
the carrier density, N(z, t) in the amplifier can be described by the following
equations [53]:

oP 1 0P

P TP N g P (5.9)
o & [Fg(N)-a,,]

N@zH _ J Nzt Tg(N)P (5.10)
ot qd Ty hvA

where 7"is the mode confinement, g(N) the gain coefficient, in the internal loss, J
the injected current density, d the active layer thickness of the SOA, A the active
region area,  the electronic charge and 7y the carrier lifetime.

Now we consider the case where there is a large saturating power of the optical
beam and a small modulation (perturbing signal) representing the noise
superimposed on it. The optical power, P, and the carrier density, N, can be
linearized and described as

P = PO+LJAP(Q)eiQ‘dQ (5.11)
2z *,

N =N, +LIAN(Q)eJ’QtdQ (5.12)
2 2,
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where Po, Ng are the time-averages and AP(¢2) and AN(£2) stand for the noise. €21is
the angular frequency at which the perturbing signal varies. By substituting (5.11)
and (5.12) into (5.9) and (5.10) and considering the component with angular
frequency €2, we get the small signal equations for AP=AP(£2) and AN = AN(LD) as

98P _ i AP+ [rg(N)-a,, ]AP + Tg'ANP, (2) (5.13)
oz v,
AN = _FIN,AP 1 (5.14)
A jQ+L+Lg i
7y A

where @' is the differential gain coefficient.

Eq. (5.14) gives the magnitude of the perturbation to the carrier population, which
describes the response of the carrier density due to the amplification of the
perturbing signal. It shows that the response at position z has a high frequency roll-
off with a 3-dB frequency of /Q2rry) governed by the local effective lifetime s

1_1.1 (5.15)

where 1/z. =Tg'P,/Ahv is the contribution of the stimulated emission [54].

The behavior of the optical power fluctuation in the beam is governed by Eq. (5.13).
The first two terms describe the usual amplification of the optical power fluctuation.
The last term represents coupling of light from the CW component into the time
varying component and acts to compress the gain, owing to the opposite-phase
change of AN with AP. This gain compression effect is significant at low frequencies,
but vanishes at high frequencies because of the high frequency roll-off of the
response of the carrier population. In addition, the gain compression effect is
depending on the optical power. It is significant only when the optical power is high.
For very small optical power, it becomes negligible. This means that the intensity
noise of a nonlinearly amplified optical signal at low frequencies can be much lower
than that at high frequencies. Namely gain compression tends to suppress the
random fluctuations in signal intensity. Based on this specific noise property,
intensity noise in narrow band detection systems such as spectrum-sliced WDM
systems can be thus reduced.

The intuitive explanation of the frequency dependent noise suppression is that for
high optical power, the SOA is saturated and the gain coefficient is inversely
proportional to the intensity of the propagating signal so that when the signal
intensity increases due to noise, the gain is reduced so that the increase in intensity is
suppressed, and vice versa. Obviously, this description can only be correct when the
intensity fluctuations are sufficiently slow for the amplifier gain to adjust. Therefore,
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the intensity noise suppression becomes small at high frequencies. The bandwidth of
the intensity noise suppression is approximately determined by the effective lifetime
(as seen in Eq. 5.15). For a given SOA, it increases with increasing optical power Po.

From Eq. (5.13) and (5.14), we have (with L the length of the SOA)

j& L H
AP(L) _ ' el exp Idz Fg(No)(J(i+,;/fd) (5.16)
AP(0) d jQ+17+ gAho(z)
T4 v

From this the relative intensity noise (RIN) suppression ratio (electrical), n, can be
derived as, in decibel,

AP(L)|
Py (L)
AP(0)
P, (0)

n =-10log

L T9(Ny)

rg’Po( L, rg/Po(z)j
=20(log e)j dz
0

Ah v Z Ah v

B 2
0 [ 1, TeP@
T4 Ah v

(5.17)
where

P, (L)/P,(0) = expﬁ dz(Tg(N,) - e,y )} (5.18)

Eq. (5.17) shows that Py, 7g(No) and 73’ have to be as large as possible for getting a
high noise reduction. A must be as small as possible. For a given SOA, Poand 7g(No)
depend on the input power Pi, and the injected current lp. For a given injected
current to the SOA, Py increases with increasing input power, Pin. 7g(No) changes
little when Py, is low, yet sufficiently high to get amplifier saturation. The amount of
the noise reduction is thus small but increases with increasing input power. For high
input powers, that means in the case of saturation of the SOA, Py increases very
slowly and 79(No) decreases with the increase of the input power. The noise
reduction has thus a small dependence on the input power to the saturated SOA. For
a given input power, both Poand 79(No) increase rapidly and thus the amount of the
intensity noise reduction increases significantly by increasing the injected current.
Increasing the injected current can also result in an increase in the bandwidth of the
noise reduction since the bandwidth increases with the increase of Po. So, increasing
the bias current of the saturated SOA is an effective way to get a great reduction of
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the intensity noise and thus a large increase of the SNR. These analytical predictions
will be verified by the experimental results given in the following sections.

5.2.2 Experimental demonstration

Our experimental setup for the intensity noise reduction using a saturated SOA in
the spectrum-sliced WDM system is shown in Fig. 5-15. The ASE light from a
superluminescent LED (SLED) was spectrally sliced using a 0.5nm-bandwidth fiber
Bragg grating (FBG) filter with 25 dB out of channel rejection. The spectrum-sliced
incoherent light centered at 1550.9nm was amplified using an EDFA and then
injected into a gain saturated SOA. The output of the SOA was modulated using a
LiNbO; external modulator. To remove the ASE from the amplifiers, a 1.2-nm
bandwidth filter was used before the modulator. The saturation characteristic of the
SOA (GC-SOA Module-GC187, Alcatel) used in the experiments is shown in Fig.
5-16.

[ 1

| | | FBG-filter 0.5nm BER

. Detecter
r BP Filter

SLED 3 dB coupler

EDFA ATT Saturated Isolator  Modulator Receiver  Lightwave
SOA Signal
Analyzer

Fig. 5-15 Experimental setup for intensity noise reduction using a saturated SOA. ATT: attenuator.
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Fig. 5-16 Saturation characteristic of the SOA used for intensity noise reduction in a spectrum-sliced
WDM channel.
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Fig. 5-17 Measured relative intensity noise without and with a gain-saturated SOA at different bias
currents. Input power: 4.5 dBm.
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Fig. 5-18 Measured relative intensity noise without and with a gain-saturated SOA for different input
powers to the SOA. Injection current: 180 mA.

In the experiments, we measured the RIN spectra of the spectrum-sliced light with
and without the saturated SOA, respectively. Figs. 5-17 and 5-18 give the measured
results for different injection currents and input powers to the SOA. One can see that
the RIN level of the optical slice was around —110 dB/Hz without the SOA. With the
SOA, it was significantly suppressed at low frequencies over a bandwidth of several
GHz. Figs. 5-19 and 5-20 show the noise suppression ratios as a function of
frequency measured for different bias currents and different input powers to the
SOA, respectively. Clearly, the bandwidth of the noise reduction increases by
increasing the bias current of the SOA but not efficiently by increasing the input
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power. The amount of the noise reduction depends on the bias current and the input
power. The noise reduction can increase by increasing both of them, but the former
is a more effective way. The experimental results are consistent with the analytical
predictions. For very low frequencies and large optical power, the noise suppression
ratio can be up to 18 dB. This is in relatively good agreement with the 20 dB
estimated from Equation (5.17), where a measured fiber-to-fiber amplification of 7.5
dB, a chip-to-fiber coupling loss of 3 dB and an internal loss of 25 cm™! of the SOA
were used and 7y and 7 were assumed to be equal.

Noise suppression ratio (dB)

Frequency (GHz)

Fig. 5-19 Measured noise suppression ratios for different injection currents, Iy, for Piy=4.5 dBm.
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\
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Fig. 5-20 Measured noise suppression ratios for different input powers, Pj,, for ;= 180 mA.
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Fig. 5-21 SNR versus injection currents for two different bitrates at back to back operation. P;, = 4.5 dBm.
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Fig. 5-22 SNR versus input powers for different bitrates at back to back operation. I, = 180 mA.

Fig. 5-21 and 5-22 show the intensity-noise-limited SNR’s with and without SOA at
bitrates of 622 Mbit/s and 2.5 Gbit/s for different bias currents and input powers to
the SOA, respectively. The SNR can be enhanced significantly by increasing the
bias current of the saturated SOA for high bitrate, e.g. 2.5 Gbit/s. But at a low bitrate,
e. g. 622 Mbit/s, the enhancement in the SNR is not sensitive to the bias current.
This is because the receiver bandwidth is very small for this bitrate and thus the
increase of the bandwidth of the noise reduction gives less contribution to the SNR
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enhancement. For a given bias current, as shown in Fig. 5-22, the improvement of
the SNR is very small when the input power is very low and the SOA is unsaturated.
For large input powers, the SOA is saturated and thus a large improvement of the
SNR is obtained. With a high bias current of 180mA, an improvement on the SNR
of 13.5 dB at a bitrate of 2.5 Gbit/s and 17.5 dB at 622 Mbit/s have been obtained
experimentally in a single stage SOA for an input power of 4.5dBm.

The measured eye-diagrams at back to back operation with and without noise
reduction are shown in Figs. 5-23 for the bitrate of 2.5 Gbit/s and in Fig. 5-24 for
622 Mbit/s. Clearly, the intensity noise is suppressed dramatically. The optical slice
used here and furtheron has an optical bandwidth of 0.3 nm since we added an
optical bandpass filter after the EDFA in the experimental setup of Fig. 5-15 to
reduce the ASE from the EDFA.
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Fig. 5-23 Eye diagrams with and without noise reduction for 2.5 Gbit/s. Injection current to the SOA: 180
mA; input power: 4.5 dBm; optical slice bandwidth: 0.3 nm, received optical power: -9 dBm.
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Fig. 5-24 Eye diagrams with and without noise reduction for 622 Mbit/s. Injection current to the SOA:
180 mA; input power: 4.5 dBm; optical slice bandwidth: 0.3 nm, received optical power: -9 dBm
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In Fig. 5-25, the measured BER curves with and without noise reduction are plotted
for 2.5 Gbit/s. The BER curve with noise reduction after 25 km SMF transmission is
also given in the figure. Without the noise reduction for back-to-back operation, the
error floor level is at 2 x 10, With the noise reduction using the saturated SOA, the
error floor is removed and error free operation is obtained. After the 25 km SMF
transmission, the error floor comes back and is at 4 x 108, The eye diagram after 25
km SMF transmission is given in Fig. 5-26, showing an increased time jitter due to
dispersion of the fiber, but clear open eyes can still be seen. The dispersion of the
fiber is 18 ps/nm-km for 1550 nm.
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Fig. 5-25 Measured BER curves for 2.5 Gbit/s with and without noise reduction. Optical slice bandwidth:
0.3 nm; Input power to the SOA: 4.5 dBm; Injection current to the SOA: 180 mA.
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Fig. 5-26 Eye diagrams with noise reduction after transmission of 25 km standard single-mode fiber at
bitrate of 2.5 Gbit/s. Slice bandwidth: 0.3 nm, injection current to the SOA: 180 mA, Input power to the
SOA: 4.5 dBm, received optical power: -9 dBm.
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We also measured the BER for different injection currents and different input power
to the SOA for 2.5 Gbit/s. Figs. 5-27 and 5-28 show the BER curves as a function of
received power. One can see that increasing both injection current and input power
to the SOA improves the BER, which agrees with the theoretical prediction. For a
given input power, e. g., 4.5 dBm, a receiver sensitivity improvement of 1 dB at the
BER of 10 ? can be achieved by increasing the injection current from 80 mA to 180
mA. While for a given injection current, e. g., 180 mA, a receiver sensitivity
improvement of 0.5 dB at the BER of 10” is obtained when the input power
increases from —1.5 dBm to 7.5 dBm. A comparison of the eye diagrams for
different injection currents and for different input powers is presented in Fig. 5-29
and Fig. 5-30, respectively.
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Fig. 5-27 Measured BER as a function of received power for different injection currents to the SOA at 2.5
Gbit/s. Input power to the SOA: 4.5 dBm; slice bandwidth: 0.3 nm; signal central wavelength: 1550.9 nm.
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Fig. 5-28 Measured BER as a function of received power for different input powers to the SOA at 2.5
Gbit/s. Injection current to the SOA: 180 mA; slice bandwidth: 0.3 nm; central wavelength: 1550.9 nm.
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Fig. 5-29 Eye diagrams for different injection currents to the SOA at 2.5 Gbit/s. Input power to the SOA:
4.5 dBm; slice bandwidth: 0.3 nm; central wavelength: 1550.9 nm; received optical power: - 9 dBm.
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Fig. 5-30 Eye diagrams for different input powers to the SOA at 2.5 Gbit/s. Injection current to the SOA:
180 mA; slice bandwidth: 0.3 nm; central wavelength: 1550.9 nm; received optical power: -9 dBm.
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Fig. 5-31 Optical spectra before and after the SOA for different input powers to the SOA. Injection
current to the SOA: 180 mA.

Fig. 5-31 shows the optical spectra before and after the SOA for different input
powers to the SOA. The spectral curves are normalized to make their peak values
the same. It can be seen that the optical slice is broadened after the SOA. Although
the 3 dB-bandwidth does not change, the bandwidth at —10 dB or below is
significantly increased, and the bandwidth broadening increases with the increase of
input power to the SOA. For an input power of —1.5 dBm, the 10-dB bandwidth
increases from 0.57 nm to 0.7 nm (23 % broadening), while for an input power of
7.5 dBm it increases to 0.8 nm (40 % broadening). This bandwidth broadening is
due to the IC-FWM of the SOA [55]. It means that in addition to the gain saturation
effect, I[C-FWM also contributes to the intensity noise reduction using a saturated
SOA in the spectrum-sliced WDM channel. Furthermore, the shape and the central
wavelength of the optical slice are also changed a little bit after the SOA. The
central wavelength shifts to the long-wavelength side. This could be explained by
the fact that when a pulse passes through the SOA, its spectrum is shifted toward the
long-wavelength side and the spectrum has developed a multipeak structure due to
gain-saturation-induced self-modulation [56, 57]. The intensity fluctuations of the
optical slice filtered out from the ASE source can be considered as a combination of
a large number of optical pulses, and thus the optical spectrum of the slice is shifted
toward the long-wavelength side. The distortion of the spectrum is due to the
additional induced optical peak.

The achievable bitrate using a SOA for noise reduction depends on both intrinsic
parameters (e. g. 7, /9’', A) and operation conditions (e. g. bias current, input power)
of the SOA and can be estimated from the measured RIN spectra. For a high bias
current of 180 mA and an input power of 4.5 dBm, a bitrate of 5 Gbit/s with a SNR
of 20 dB can be achieved with the SOA used in our experiments in a single stage. If
cascaded saturated SOAs are used, the achievable bitrate can be increased.
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5.3 Summary

Both theory and experiment show that spectrum-sliced incoherent light exhibits
excess intensity noise that limits the achievable bit error rate for a given slice
bandwidth in spectrum-sliced WDM systems. This limitation could have previously
been overcome only at the expense of system capacity, i.e., by increasing the optical
bandwidth or by reducing the bitrate of the channel. We have investigated a
technique for reducing excess intensity noise in the spectrum-sliced WDM system,
which is based on the specific noise properties of a saturated SOA. A simple
theoretical model of the noise suppression using the saturated SOA is developed
based on the rate equations. With this model, the influence of the input power level
and the injection current to the SOA on the noise reduction and its bandwidth is
studied. The intensity noise reduction can be improved by increasing both the
injection current and the input power to the SOA. Experimental results of RIN, SNR,
and BER have confirmed the theoretical predictions. RIN measurements show
clearly the RIN reduction using the saturated SOA and the injection current
dependence of the bandwidth of the RIN reduction. Experimental results of SNR
show an increase of 13.5 dB in the intensity-noise-limited signal-to-noise ratio (SNR)
for a bitrate of 2.5 Gbit/s and of 17.5 dB for a bitrate of 622 Mbit/s. We have also
presented the BER and the eye diagram measurement results. For an optical slice
with 0.3 nm bandwidth, the error floor level is at 2 x 10 without the noise reduction
for back-to-back operation. With the noise reduction using the saturated SOA, the
error floor is removed and error free operation is obtained. Transmission
experiments show that after 25 km of SMF the error floor is at 4 x 108, The BER
measurement results for different injection currents and different input powers to the
SOA for 2.5 Gbit/s show that increasing both injection current and input power to
the SOA improves the BER, which agrees with the theoretical prediction. A receiver
sensitivity improvement of 1 dB at the BER of 10 ® has been demonstrated by
increasing the injection current from 80 mA to 180 mA for an input power of 4.5
dBm. For a given injection current, e. g., 180 mA, a receiver sensitivity
improvement of 0.5 dB at the BER of 10° can be also obtained when the input
power increases from —1.5 dBm to 7.5 dBm. All of these have demonstrated the
improvement of the transmission performance of the spectrum-sliced WDM channel
using the saturated SOA. Experimental results of the optical spectra of the slice
before and after the SOA have shown that in addition to the gain-saturation
characteristics of the SOA, the IC-FWM within the SOA is also an important
mechanism for intensity noise reduction.
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Chapter 6

Conclusions

All-optical regeneration will be the key technique to face the challenges of capacity,
transmission distance and scalability of future optical telecommunication networks.
A number of solutions for optical regeneration have been proposed and
experimentally demonstrated in recent years. Among the proposed solutions, those
based on SOAs offer the highest integration potential and have been the focus of
much research on all-optical regeneration. They also open possibilities for more
complex optical signal processing.

The nonlinear transfer function of the optical regenerators is the key characteristic
that governs regeneration efficiency. The SOA-based MZI is very promising for all-
optical regeneration in high-bitrate optical netwoks due to the diversity of the
functionality it offers. However, this device suffers from a rather slow nonlinear
transfer response. To get a steeper nonlinear response, cascaded MZIs are needed.
Furthermore, in most cases the optical regeneration is realized through wavelength
conversion and an extra CW laser signal is needed. All of this results in increased
cost and complexity.

As described in this thesis, we have developed some new all-optical 2R regenerators
that have a steep nonlinear transfer function, operate on the signal itself instead of
on a pump or external pulse sequence, and give the same benefits as SOA-based
devices. In chapter 2, an all-optical 2R regenerator using an MZI with GCSOAs in
both arms is presented. The operation of this regenerator is based on the specific
property of a GCSOA that its amplification in the linear regime is independent of the
injected current, whereas the saturation power increases linearly with the injected
current. A digital-like nonlinear transfer function and a flexible adjustment of
decision threshold are demonstrated. Dynamic measurements at 2.5 Gbit/s show a
tremendous intensity noise suppression at the logic “0” and a large improvement in
ER even for a very deteriorated input signal with small ER: e.g. 8 dB improvement
in ER has been obtained for an input ER of 5 dB, and 7 dB improvement for an
input ER of 2 dB. In chapter 3, an alternative implementation of the above GCSOA-
based 2R regeneration is proposed, which has higher speed potential. In this 2R
regenerator, two very recently introduced devices, LOAs, are used in the two arms
of the MZI, instead of the GCSOAs. A significant improvement in ER and operation
at 10 Gbit/s are demonstrated.

In addition to using the self-gain-modulation and the self-phase-modulation in the
SOAs, we have demonstrated all-optical 2R-regeneration based on nonlinear
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birefringence in a single LOA. Theoretical analysis and experimental demonstration
show excellent regenerative capabilities of this device. An ER improvement of 15
dB has been obtained with an input ER of 5 dB for static operation. Experimental
results for bit-rates of both 2.5 Gbit/s (NRZ, 2°-1 PRBS) and 10 Gbit/s (NRZ, 23!-1
PRBS) have been presented. With a degraded input signal, a receiver sensitivity
improvement of over 3 dB at a BER of 107 is found for 2.5 Gbit/s. For 10 Gbit/s,
zero power penalty is observed. Significant improvements of ER are obtained for
both 2.5 Gbit/s and 10 Gbit/s. The features of simple configuration, stable operation
and strong regenerative capabilities make this new scheme a promising technique
for all-optical regeneration in future optical networks.

The spectrum-sliced WDM technique is a strong candidate for the cost-sensitive
local area networks, such as campus or metropolitan networks and fiber-to-the-home
access networks, due to its advantages of low cost, high wavelength selectivity and
temperature stability as compared to conventional DWDM systems. Spectrum-sliced
incoherent light, however, exhibits a large intensity noise that places limits on the
achievable system performances. We have investigated a technique for reducing
excess intensity noise in the spectrum-sliced WDM system, which is based on the
specific noise properties of a saturated SOA. A simple theoretical model of the noise
suppression using the saturated SOA has been developed based on the rate equations.
Experimental results of RIN, SNR, and BER have been carried out and
demonstrated the improvement of the transmission performance of the spectrum-
sliced WDM channel using the saturated SOA. For an optical slice with 0.3 nm
bandwidth, the error floor level is at 2 x 10™* without the noise reduction for back-to-
back operation. With the noise reduction using the saturated SOA, the error floor is
removed and error free operation is obtained. The BER measurements, performed
for different injection currents and different input powers to the SOA for 2.5 Gbit/s,
confirmed that increasing both the injection current and the input power to the SOA
improves the BER. Experimental results of the optical spectra of the slice before and
after the SOA have shown that the intensity noise reduction is due to both the gain-
saturation characteristics and the IC-FWM in the SOA. As mentioned in this thesis,
this noise suppression technique has the advantage of simplicity and high efficiency
and is potentially low cost since the saturated SOA can be used simultaneously for
both noise reduction and signal modulation. Therefore, this approach is very
practical and useful for application in cost-sensitive local area networks.

There are several important issues for the 2R regenerators described in this thesis.
First, the bitrate of the GCSOA-based 2R regenerator is limited by the relaxation
oscillations. This bitrate limitation can be overcome by using some new designed
gain-clamped SOAs such as LOA, as described in the thesis, and appropriately
designed DBR-based GCSOAs that could deliver very high bandwidths (e. g., 30
GHz). Optical regeneration based on the MZI with LOAs can operate at high bitrate,
10 Gbit/s has been demonstrated, but unexpected polarization relaxation in the LOA
degrades the regeneration performance. This polarization relaxation has also impact
on the regenerative capability of the 2R regenerator based on nonlinear
birefringence in a LOA. So, reduction of this impact could be one of the topics for
future research.
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Secondly, in both the GCSOA-based and the LOA-based 2R regeneration the noise
suppression at the “1” levels were not as good as expected. Investigating how further
to reduce this noise could be another topic for future research.

Finally, the experimental demonstration of the 2R regenerators described in this
thesis uses optical fiber-based MZIs. A big issue of the fiber-based devices is
instability. From a practical point of view, an integrated version could be more
useful and more stable. Furthermore, as mentioned in Chapter 5, the saturated SOA
used for intensity noise reduction in the spectrum-sliced WDM systems can also be
used for simultaneous modulation. An integrated multi-functional SOA module for
intensity noise suppression, intensity modulation and amplification would be very
interesting for spectrum-sliced WDM local networks.
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