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Abbreviations

Abbreviation Definition
ADSL Asymmetric Digital Subscriber Line
ASE Amplified Spontaneous Emission
B-B Back-to-Back
BER Bit Error Rate
Cw Continuous Wave
DCF Dispersion Compensation Fiber
DGD Differential Group Delay
DSF Dispersion Shifted Fiber
EAM Electro Absorption Modulator
EDFA Erbium Doped Fiber Amplifier
FEC Forward Error Correction
FRML Fiber Ring Mode locked Laser
FTTx Fiber To The x (home, building, premise and so on)
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IP Internet Protocol
LAN Local Area Network
LD Laser Diode
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CHAPTER 1 INTRODUCTION

1.1. Introductory Remarks
1.1.1 Background

An optical fiber communication system has been playing an important central role in all
segments of networks in tier-one carriers as well as the Internet service providers. The domain of
applicability is no longer limited to point-to-point long haul core networks and is also applied to wide
area networks (WAN), metropolitan area networks (MAN) and access networks and local area
networks (LAN). Transmission speed per one wavelength of the optical communication technology
has steadily improved by development of semiconductor optical devices and technologies of system
construction. Even in the commercial optical communication systems, 10 Giga-bits per second
(Gbit/s) is regular speed not only in the aggregated core network but also in the MAN to aggregate
both traffic of enterprise users and residential customers. Furthermore, the interface of 40 Gbit/s
(SONET OC-768) has been appeared not only for long distance transmission equipment but also for a
tributary port of high-end core routers. In the background of the emerging hardware, there is sure
demand for supporting a continuous increase of packet-based data traffic driven by the demand of
rapid increase of the Internet traffic, such as a video streaming, search based Web surfing and so forth.
An asymmetric digital subscriber line (ADSL) and a fiber to the home/building (FTTx) have so far
been expanded as the Internet access methodologies for residential customers. The maximum
bandwidth of the ADSL and FTTx are up to several tens of Mega bits per seconds (Mbit/s) and one
Gbit/s for one customer, respectively. On the other hand, there is also an obvious migration trend of
the WAN connection service for enterprise customers from a time domain multiplex (TDM) based

“assured narrow band” to a the packet based “best-effort broadband” due to the cost effective manner.
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The main reason is that the TDM based network constructed by the carrier’s specified dedicated
devices is migrating to the packet centric network built by the commoditized equipment such as layer
two switches and routers. Consequently, The Internet protocol (IP) virtual private network (VPN)
service and Ethernet based VPN service can be allowed to use the bandwidth up to 1 Gbit/s per
customer. Furthermore, the Internet access services via the third generation cell phone, for instance,
namely a code division multiple access (CDMA) 2000 1x evolution data only (EV-DO), has
commercially deployed in 2003. It enables one customer to use the bandwidth up to 2.4 Mbit/s for
data communication services, such as a web browsing, an email and a short messaging. Consequently,
a large capacity network has been realistically required using both a high-speed TDM technology and
a wavelength division multiplex (WDM) technology as a backbone network.

Optical fiber communication technology is able to provide the capability of
telecommunicating huge amounts of data exceeding 10 Tbit/s on a single fiber with WDM technology.
To establish the future ultra-high speed and large capacity optical network, an all-optical signal
processing as well as the all-optical regeneration will be an essential technology. An all-optical
signal processing means that the optical data signal is not converted to an electrical signal when the
logical or the physical operation is given to the optical data signal in the transmission line that includes
nodes, repeaters and branching devices. The same functionalities can be realized by the
optical-electrical-optical (O/E/O) conversion. However, there will be limitations of a repetition rate
for the signal processing due to the response time of the device, radio frequency parts in the system
such as an RF amplifier, coaxial cables and so on. The primitive methodology for the regeneration of
the optical data signal is the O/E/O type one by using the combination of the photodiode (PD),
electrical decision circuit and laser diode (LD). Although this scheme is sure-footed and reliable

technology for the regeneration of the optical data signal, the limitation of the conversion speed is



around 40 Gbit/s due to the response time of both the PD and the LD. Therefore, the O/E/O type
regeneration does not suit for the future ultra-high speed optical communication up to 100 Gbit/s per

one wavelength.

1.1.2 Issues of All-Optical Networks
To realize the all-optical networks, there are a lot of issues to be solved by “all-optical”
functionalities that are able to be replaced a transponder based O/E/O conversion at each network node or
repeater.

The required functions that are able to operate and maintain scalability of the all-optical

network are summarized in the following.

Accumulated Noise Signal Extraction

>

Core Network (DWDM)

Dispersion Compensation 3R repeater

Performance Monitoring

Metro NW

Wavelength Conversion

Metro NW s

Requirements and current solutions

Issues for the all-optical NWs

Wavelength Conversion

C-band <-> C-band, C-band <->L-band

All-optical wavelength conversion

3R Regeneration

No wavelength change, clock extraction

All-optical 3R regeneration

Signal Extraction

Channel recognition

All-optical demultiplexing

Optical power in transmitter / receiver, flexible
optical power adjustment in each wavelength

Dispersion Dispersion compensation fiber or devices, All-optical 2R/3R regeneration,
Compensation O/E/O regeneration Variable dispersion compensation
Measurement in the electrical domain; All-optical performance monitoring
Signal degradation (SD), signal failure (SF), 1. “bit-by-bit” inspection
Performance packet counter Quality of optical signal
Monitoring Measurement in the optical domain;

2
3. Optical signal or cw light
4. Presence of light

Figure 1-1: (upper) Schematic viewgraph of incumbent carrier’s network. (lower) Summarized
table of requirements and current solutions and Issues for the all-optical networks of each function in

actual networks.



Figure 1-1 shows a schematic viewgraph of incumbent carrier’s network which consists of a metro
area network and DWDM based optical core network and summarized table of requirements and
current solutions and Issues for the all-optical networks of each function in actual networks. The
transponder of network nodes in ADM system and WDM system roles three important functions that
are wavelength conversion, 3R regeneration and performance monitoring. The wavelength
conversion at the transponder is to maintain scalability of network as well as flexibility of design and
construction. The wavelength of 1550 nm is utilized for middle and long distance transmission
using an EDFA. As for the interconnecting metro network and core network, the wavelength range
of 1550nm, which is called C-band, is dominant for construction of the network. To remove the
transponders from each hub node for realizing the all-optical networks, the all-optical wavelength
converter is essential functional device. Quality of optical signals is degraded by an accumulated
ASE noise from concatenated EDFAs. Also chromatic dispersion and nonlinear effects of an
optical fiber impair the performance of the transmission signals. Current optical networks deploy
dispersion compensation fibers in front of the network nodes. The transponders with O/E/O
conversion realize re-shaping, re-amplifying and re-timing of the degraded optical signals.
Therefore the all-optical network needs to deploy optical 3R regenerators that can be replaced with
the transponders in the hub node. Operation, administration and maintenance (OAM) of network is
essential work of network operators. It is important to figure out the failure point in the network
not only in the case of disconnection but also in the case of performance degradation. It is not
difficult to detect the disconnection of fiber or the lost of optical signal. However, monitoring the
performance of the optical signal is the issue to be solved for the actual network operation.

The objective of this thesis work is to realize elemental technologies, such as a wavelength
conversion, 3R regeneration and demultiplexing functionalities by utilizing the all-optical signal
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processing of an SOA. The following sections describe the methodologies for the each

functionality.

1.2 All-Optical Signal Processing
1.2.1 All-optical regeneration

An all-optical regeneration means so far the two kinds of regeneration functionalities that
are optical 2R regeneration and optical 3R regeneration. The optical 2R regeneration represents the
“re-amplification” and the “re-shaping” of the optical data signals. The optical 3R regeneration
realizes the “re-timing” functionality for the optical data signals in addition to the optical 2R
regeneration functionality. Both functionalities are the technology for the improvement of the
transmission performance for extending the transmission distance. A lot of researchers have been
making an effort to solve the articles by the optical 2R regeneration [1-3] and the 3R regeneration
including the clock recovery technique [4-18] for realization of the next-generation ultra-high speed
and the large capacity optical networks.

The effective functionality of the all-optical 2R regeneration is the re-shaping of the optical
data signal, which means to reduce the optical noise that is mainly an amplified spontaneous emission
(ASE) generated by concatenated erbium-doped fiber amplifier (EDFA) deployed along the
transmission line as well as the reformation of the optical pulse by the passive compensation device for
the chromatic dispersion or the polarization mode dispersion. The optical noise reduction
functionality is also realized by the O/E/O conversion in the current optical communication system.
However, when the electric processing is employed in the terminal nodes or the repeaters, a lot of
articles for consideration, such as the limitation of the processing speed, the consumption power and

so on, have been pointed out by the system architects. Therefore, the all-optical noise reduction
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device that has features such as the smallness and the low consumption power is expected to realize for
the ultra-high speed optical communication systems.

The all-optical 3R regeneration is the technology basically for the improvement of the
transmission performance. It enables to reduce an optical noise of both the mark level (logically “1”")
and space level (logically “0”), and to correct the timing of the optical data signals. To realize the
all-optical 3R regeneration in the most case, wavelength conversion functionality has been deployed
in the optical regeneration schemes. It is represented as the “regenerative wavelength conversion”
due to the following reason. All-optical 3R regeneration is realized by the combination of the clock
extraction functionality from the optical data signal, the optical clock pulse generator and the optical
gate switch in the one system. When the original optical data signal comes into the optical
regeneration device/system, the well-ordered optical / electrical clock pulse is generated by the clock
extraction system and the optical clock generator using the accurately extracted clock. The gating
functionality that is operated by the original data signal enables to pass the well-ordered clock pulse
when the original signal equals to the logical “1”. Therefore, the impaired original data pulses are
converted to the high-quality optical pulses. If the wavelength of the well-ordered clock pulse is
different from the original one, this conversion process is all-optical 3R regeneration as well as the
wavelength conversion at the same time. The all-optical regeneration technology had been started by
the direct optical amplification, which was realized by the EDFA. The optical fiber communication
system had been drastically changed by the EDFA, which does not convert the optical data signal into the
electric data signal. However, there was intrinsic problem that was an ASE noise, which degraded the
signal to noise ratio of the optical data signal passing through the EDFA. The optical noise due to the
EDFA that was deployed to improve the system performance limited the performance of the optical fiber

communication system. Consequently, the all-optical 2R regeneration functionality, which includes the
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optical noise reduction in addition to the amplification, was required to improve the performance of the
EDFA-based optical fiber communication system. The following sections describe the all-optical 2R and

3R regeneration functionalities.

1.2.1.1 Optical 2R Regeneration

All-optical 2R regeneration is an enhanced functionality that realizes the re-amplification
and re-shaping of an optical data signal. The effective functionality of the all-optical 2R regeneration
is the re-shaping of the optical data signal, which means to reduce the optical noise that is mainly an
ASE generated by concatenated erbium-doped fiber amplifier EDFA deployed along the transmission
line. Moreover, the functionality is important for the long-haul transmission system to correct the
other impairment factors of the optical pulse transmit in the concatenated optical fibers, such as the
chromatic dispersion and the polarization mode dispersion. The optical noise reduction functionality
is also realized by O/E/O conversion as mentioned in the previous section. However, when the
electric processing is employed in the terminal nodes or the repeaters, a lot of problems, such as the
limitation of the processing speed, the consumption power and so on, have been pointed out by the

system architects. Therefore, the all-optical noise reduction device that has features such as the

Input Output
All-optical
2R device E>
Re-Amplification Yes
Re-shaping Yes
Re-timing No

Figure 1-2: Schematic diagram of an all-optical 2R regeneration device.
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smallness and low consumption power is expected to realize for the ultra-high speed optical
communications.

Figure 1-2 shows the schematic diagram of the all-optical 2R regeneration functionality. It
enables to correct the signal degradation except the re-timing of the optical data signal by itself. The
remained timing jitter due to the ASE was accumulated along the transmission line, hence the
transmission performance is impaired by the mismatch of the timing in the signal decision circuit at
the receiver. The all-optical noise reduction is realized by the several methodologies that are the
semiconductor optical device and the optical fibers. The fiber-based optical 2R regeneration device
has the features that are the low loss for the connection to the transmission line and extremely low
polarization-dependent properties by nature. However, it requires being induced large optical power
to obtain the 2R regeneration effect due to the smallness of the optical nonlinearity. On the other
hand, the semiconductor-based 2R regeneration device has the advantages with regard to the large
nonlinearity against the optical pulse as well as the smallness and the possibility of the integration with
the optical waveguide. An SOA or a saturable absorber (SA) is an attractive candidate as optical
functional devices, because they have large optical nonlinearity against the optical pulse intensity.
Several semiconductor-based 2R devices have been so far reported in various bit rate applications. In
this dissertation, the semiconductor waveguide device is selectively investigated with novel scheme

for the high-speed repetition rate.

1.2.2.2 Optical 3R regeneration
In addition to the 2R regeneration functionality, the re-timing mechanism is essential
technology for further improvement of the transmission performance. All-optical 3R regenerator is
expected to enhance flexibility, scalability and cost-down in future high-speed all-optical photonic
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network. Major interests in the all-optical 3R regenerators are "in-line optical regeneration

functions" employed in repeaters and/or network nodes to extend the transmission distance.

Input Output
All-optical
3R device E>
Re-Amplification YES
Re-shaping YES
Re-timing YES

Figure 1-3: Schematic diagram of an all-optical 3R regeneration device.

Figure 1-3 shows the schematic diagram of the all-optical 3R functionality. It enables to
correct the timing of the signal while maintaining the 2R functionality. There are several approaches
to realize the all-optical 3R regeneration functionality, that are utilizing the fiber-based functional
device or the semiconductor-based one as remarked in the previous section. In the both
methodologies, the optical gating function that is operated by the optical data pulse passes the locally
prepared optical clock pulses for regenerated optical data signal. The all-optical 3R regeneration by
the fiber-based device also need to incident large optical power to obtain the expected effect.
Therefore, the all-optical 3R regeneration is investigated by introducing the SOA-based functional
device with proposed novel scheme for the high-speed repetition rate. It is also important to shorten

the response time of the device for the all-optical high-speed 3R regeneration functionality.

Moreover, the low power operation of the device is an essential issue for the high-speed
application. Because the intensity of the optical pulse for operating the gate function become small

with compared to the low repetition rate in the case of the same average optical power.
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Although the development during these ten years has born a lot of variations of all-optical
regenerators and has verified their potential high bit-rate operability, there exists another hurdle to be
passed before employing them in practical use. Nevertheless, there are few reports on how much the
signal quality can be recovered from seriously impaired input signal by the reshaping function as well
as the retiming function of the 3R regenerator. In the actual transmission line, many impairment
factors, such as ASE noise in EDFA, chromatic dispersion, PMD and nonlinear effect in fibers, distort
the optical waveform both in amplitude and in phase of timing. In that sense, quantitative
investigations of the reshaping and retiming capability of the regeneration from highly impaired
transmitted signals are intensively required. = Although the complete 3R regeneration functionality in
the transmission line is important issue, it is useful for the cost-effective system design to improve the
transmission performance by the 3R regeneration device just in front of the receiver from operational
point of view. The all-optical 3R regeneration functionality is expected to expand the receiver
sensitivity or the eye-diagram of the received signal owing to the sinusoidal transfer function. In this
dissertation, the feasibility of the all-optical 3R regeneration functionality is experimentally
investigated by utilizing the SOA-based functional device for both in line application and in front of

the receiver.

1.2.2 Applications of the ultra-high-speed all-optical signal processing
All-optical signal processing can be applied for many applications that are not only the
optical communication but also the logical processing such as an AND/OR circuit. In the future
high-speed photonic networks, the several application of the all-optical signal processing will be
important for the flexibility of the network designing. The pulse width tunable wavelength

conversion functionality is important function at the front of the optical receiver in the ultra-high speed
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optical communications since it enables to optimize the pulse width for the receiver, especially for the
photo diode. The optical parallel-to-serial conversion enables to realize not only the WDM-TDM
conversion but also the optical code recognition in the optical burst switching functionality. The bit
rate tunable wavelength conversion is useful for the optical cross connect (OXC) node for processing
the several kinds of bit rate by one system. For example, forward error correction (FEC) functionality
requires several percentile higher bit rate against the original one. The all-optical demultiplexing
functionality enables to reduce the repetition rate of the TDM optical data signal at the end of the
transmission systems. The following sections express the importance of the ultra high-speed
all-optical signal processing. A lot of devices and sub-systems for the ultra-high speed optical
communication, such as the all-optical wavelength conversion [19-28], the all-optical demultiplexing
as well as the optical gating function [29-60] and the optical performance monitoring function [61-71],
have so far been proposed by the various schemes. The all-optical demultiplexing functionality, at
the end of the transmission systems, enables to reduce the repetition rate of the TDM optical data
signal enough for the optical-to-electrical (O/E) converter of the receiver. Even though the bit rate of
the ultra-high speed optical communication is more than 100 Gbit/s, the electric decision circuit
should be operated at less than several tens of Gbit/s due to the response time of the semiconductor
device as previously mentioned. One of the features of the optical signal processing is an ultra-high
repetition rate that cannot be realized by an electrical signal processing as mentioned above.

Therefore, the all-optical signal processing should be operated more than 50 Gbit/s.

1.2.2.1 Bit rate tunable wavelength conversion
Expansion of optical communication system, which was triggered by innovation of optical
amplification technique using EDFA, is evolving from point-to-point long-haul system to metro or
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regional network system in which a large number of wavelengths are multiplexed in one fiber while a
bit-rate per channel is increased up to 40 Gbit/s or more. It is presupposed that such a network would
suffer from confliction among intricate wavelength channels at the nodes as well as degradation in
signal quality due to roundabout routing when the number of nodes and/or wavelengths increase
rapidly. In the photonic cross connect node, for instance, the wavelength conversion functionality is
able to reconfigure the optical lambda path for routing capability. In the case of the wavelength
routing, the bit rate transparency is the great advantage of the scheme. However, if the bit rate of the
wavelength converter is fixed, the flexibility of the wavelength routing will be small. Consequently,
the bit rate tunability is an important requirement for the practical use not only for bit-rate transparent

photonic network but also for upgrading a FEC coding with increasing bit-rate.

1.2.2.2 All-optical simultaneous demultiplexing

High capacity future all-optical networks based on OTDM and WDM will require compact
and high speed demultiplexing devices. There have been already reported all-optical demultiplexing
of 80-160 Gbit/s optical signal using SOA-based interferometric devices, but they have demonstrated
only one channel extraction [43-46, 56-58]. As suggested in Ref. 43, an SOA-based Mach-Zehnder
interferometric (MZI) device with multimode interference (MMI) coupler can extract both the
switched and the un-switched states simultaneously into the two output ports. The input signal can be
fully utilized without any waste in power if both the output signals have signal qualities well enough
for further processing. However, it is difficult to attain equal signal qualities for both the switched
and un-switched signals, since a fine balance in phase-shift between the two arms is not easy to realize.
On the other hand, a one-arm MZI polarization switch, which is called "UNI (ultrafast nonlinear

interferometer)", has an assured balance in phase-shift because it consists of only one SOA, therefore
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it may provide two output signals having equal signal qualities with much less difficulty. The bit rate
of the future photonic network will be faster than 40 Gbit/s or beyond. The bit rate of the optical data
signal at the transmitter can be upgraded by the optical time domain multiplex technique up to more
than 100 Gbit/s. However, there is no device that is able to detect and make decision the signal at
such a fast repetition rate. The limitation of the detectable bit rate will be several tens of Giga bit per
second. Therefore, the demultiplexing device is essential for the receiver. An electro-absorption
modulator-based optical demultiplexer is used in the previous experimental work by many researchers.
The intrinsic optical loss of the EAM, however, is as large as 10 dB. It must be compensated by
EDFA in the actual usage. When the channels that should be demultiplexed from high-speed data
signal, the total power and the complexity of the system will be not negligible in the actual deployment.
Therefore, the power effective demultiplexing scheme will be an attractive candidate for the future

ultra high-speed networks.

1.3 Outline of chapters

This dissertation describes the investigation about an ultra-high-speed all-optical signal
processing by using a semiconductor waveguide device and a composition device of the
semiconductor optical amplifier (SOA) and passive optical components. Although the all-optical
signal processing is being investigated by the two categories that are an optical fiber-based system and
a semiconductor waveguide-based system, this investigation focuses on the semiconductor
waveguide-based one because of its advantages, such as large nonlinearity for optical data signals and
the minimum size of the devices. The organization of this dissertation consists of six chapters
including conluding remarks in chapter 6.

Chapter 2 proposes a new methodology of an ultra-high speed saturable absorber (SA) for
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all-optical 2R regeneration by using a nonlinear absorption phenomena in a forward-biased SOA with
continuous wave (CW) light, so-called CW assist light, for reducing an absorption recovery time.
The device parameters of the SA for effective noise reduction are considered by both numerical
calculation and experimental evaluation. To shorten the absorption recovery time of SA, the CW
assist light that is basically transparent for a gain curve of an active layer in the SOA is introduced.
The fundamental properties of the SA with the CW assist light are experimentally investigated by
changing conditions such as a wavelength of the CW assist light and injection current for the SOA.
The effectiveness of the optical noise reduction by the SA with the CW assist light is experimentally
investigated using 5 Gbit/s NRZ signals and 10 Gbit/s RZ signals.

Chapter 3 describes the investigation of all-optical 3R regeneration that includes a
wavelength conversion by an ultrafast nonlinear interferometer (UNI) switch with the CW assist light
for reducing a gain recovery time of the SOA. The effectiveness of the CW assist light is
experimentally investigated by measurement of the gain recovery time. A gain clamping effect due to
the CW assist light at the transparent wavelength on the gain profile is compared to a gain saturation
effect by a clock pulse in the active layer of the SOA. In this chapter, the investigation for the
fundamental properties of the UNI switch with regard to the wavelength conversion functionality is
described for the capability of the all-optical 3R regeneration. The experimental evaluations are
carried out at 10 Gbit/s, 40 Gbit/s and 80 Gbit/s repetition rate by using almost the same configuration
of the UNI switch excepting the birefringent (HiBi) medium that is a key component of a
polarization-discriminated interferometric switching operation.

Chapter 4 describes a regeneration capability of the all-optical 3R regeneration
functionalities and an operational margin of the all-optical regeneration scheme by using the UNI
switch with the CW assist light at the repetition rate of 40 Gbit/s. The operational margin of the UNI
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switch is described by changing the device parameters and the system parameters that are the pulse
width of the optical data signal, the pulse width of the optical clock pulse and the differential group
delay of the HiBi media. The distinct regeneration capability is demonstrated by changing the
condition of optical signal degradation. An ASE noise generated by an EDFA and a timing jitter of
the optical data signal emulated by the combination of HiBi device and the polarization scrambler are
intentionally lapped over the optical data signal.

Chapter 5 proposes a novel scheme for the bit rate tunable all-optical wavelength
conversion by utilizing the combination of the SOA and a variable DGD generator, which is
re-configurable optics that are movable mirrors and polarization beam splitter. This scheme realizes
a flexible design of ultra-high-speed all-optical networks since the optical nodes such as an OXC node
with the wavelength conversion functionality can be configured to the input optical data signal with
and without the FEC. A bit rate tunable wavelength conversion functionality is demonstrated at 10
Gbit/s, 40 Gbit/s and 80 Gbit/s using the almost same configuration of the devices excepting the bit
rate of the local optical clock pulses. Also all-optical demultiplexing functionalities by using the
combination of the UNI switch and the polarization beam splitter are proposed in this chapter. In the
ultra-high-speed optical communication, the all-optical demultiplexing functionality is essential
technology that enables to reduce the bit rate of the optical data signals down to the repetition rate that
can be recognized by the electrical decision circuit of the receiver. The specialty of this scheme is to
be able to divide the optical data signal into halves simultaneously. In this chapter, the all-optical
simultaneous demultiplexing into the half bit rate is demonstrated from 20 Gbit/s, 40 Gbit/s and 80
Gbit/s, respectively.

Finally, chapter 6 represents concluding remarks that summaries all the investigations
regarding the ultra-high-speed all-optical signal processing described in the all chapters of this
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dissertation.
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CHAPTER 2 ALL-OPTICAL 2R REGENERATION

2.1 Introduction

An SOA and an SA are attractive candidates as optical functional devices, because they
have large optical nonlinearity against optical pulse intensity and their characteristics can be
controlled electrically or optically. By using its optical nonlinearity, various optical functional
devices, such as an optical gate, an optical processing, and an optical regenerator, are proposed as
expressed in the chapter 2. All-optical signal processing, such as gating, pulse reshaping and
retiming, is important technology for the realization of ultra-high-speed optical communication
systems in the near future. However, the operating speed is usually limited by the recovery time (~1
ns) to the steady state governed by the carrier lifetime or carrier transport time in the semiconductor
device from the electrodes to the active layer via the optical confinement layers. Therefore, it is
essential to reduce the carrier lifetime for optical processing with an ultra-high repetition rate.
Although there have been several reports on the reducing of the recovery time in SAs or SOAs [72-74],
these devices were not sufficient in respect to in ultra-high repetition rate and in nonlinearity.

In this chapter, a novel way to use of an SOA driven under the loss condition as an SA is
proposed for realizing the ultrafast all-optical 2R regeneration device. For reducing the absorption
recovery time in an SOA, a stimulated recombination due to CW assist light is utilized. Since the
stimulated recombination is an ultrafast process, it is expected that excess carriers will disappear in an
instant. In addition, the process generates only little heat since it does not involve carrier transport.
Therefore, this method will be a promising technique for achieving ultra-high repetition rate operation.

Section 2.2 proposes a new technique that is the way of use an absorption region of an SOA

as an SA to obtain both the nonlinear absorption effect and the ultrafast recovery time. The device
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parameters of an SOA are investigated by both the experimental evaluation and the numerical
calculation in section 2.3. Section 3.4 describes the proposed methodology of using CW light for
reducing the absorption recovery time and experimental evaluation by using the SOA. The
all-optical 2R regeneration evaluation is demonstrated by using 5 Gbit/s NRZ signal and 10 Gbit/s RZ

signal in section 2.5 and 2.6, respectively.

2.2 Saturable absorption in semiconductor optical amplifier

An SA has fundamentally absorption functionality by using its band gap for the optical
signals. The physical and the logical investigations have so far been reported regarding nonlinearity
by using semiconductor material [75-88]. An SOA reacts with three states, which are gain,
transparency, and absorption media by changing the wavelength of an input optical signal even if
under current injection. Figure 2-1 shows the simplified gain curve of the SOA with the current
injection.  The light with a wavelength between A2 and A3, so-called the gain region, can be
amplified by the positive gain of the active layer. The light with a wavelength that is longer than the
A3 is transparent for the active layer. The light with a wavelength that is shorter than the A2 is
absorbed by the active layer of the SOA. Therefore, the SOA can be used as an SA by when the

wavelength of input light is set at the A1 that is shorter than and close to the A.2.

Gain

X

Loss

Figure 2-1: Schematic image of the gain curve of the SOA.
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The nonlinear absorption effect, which is realized in the semiconductor active layer, in the

shorter wavelength region may apply for a noise reduction function as shown in Fig. 2-2.

Figure 2-2: Transfer function of the nonlinear absorption and the noise reduction scheme
The transfer function curve of a nonlinear absorption effect that is called a saturable

absorption effect versus input pulse energy E;, as shown in Fig. 2-2 is written as follows,

E.
Eout :Ein eXp _aO exp _Em L (1)

s
where o is the unsaturated absorption coefficient, E; is the saturation intensity and L is the length of
the active layer of SOA. This nonlinear absorption effect has been mainly utilized for the optical
re-shaping that means the narrowing the optical pulse in the solid-state mode-locked laser. The
output energy E, increases nonlinearly due to absorption in the active layer below the absorption
saturation as the input energy increases. While the output energy is proportional to the input energy
fairly linearly above the absorption saturation, therefore, the low intensity noise at a space level of

optical signals can be suppressed by using a nonlinear absorption effect.
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2.3 Consideration for the device parameters

In order to investigate the device parameter, the input and output (I/O) characteristics were
evaluated under the various operational conditions. Figure 2-3 shows the schematic image of the
experimental setup for the measurement of the I/O characteristics. The optical pulse source of 100 fs
width in the 1.5-pm range was generated by an optical parametric oscillator pumped by a mode-locked

Ti:Al,O; laser with a repetition rate of 80 MHz.

Optical Optical pulse |
chopper 100fs, 80MHz

: <
ND filter SOA ¢
Lock-in amp.

<’ Detector

Power meter

Figure 2-3: Experimental setup for the measurement of the input/output characteristics

The optical chopper and the lock-in amplifier were used to eliminate the optical background,
which improve the signal to noise ratio of the measurement. The half mirror plate and the optical
power meter were set in front of the SOA to monitor the optical input power when the variable neutral
density filter was changed. The actual optical input and output powers of the SOA were measured by
replacing the SOA to the IR detector in the back of the objective lens for focusing the optical input
pulse and the SOA, respectively.

The tested SOA was a ridge waveguide SOA with an anti-reflection coating on both facets,
as shown in Fig. 2-4. The lattice-matched multiple quantum well (MQW) active layer with a
photo-luminescence peak of 1.56 pm consisted of five InGaAs (10 nm, Ag=1.67 um) wells and

InGaAsP (8 nm, Ag=1.2 um) barriers.
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MQW active layer
barrier : InGaAsP (8nm : Ag=1.2um)

Swells : InGaAs (10nm : Ag=1.67um)
SCH layers on both sides : (70nm : Ag=1.2um)

Figure 2-4: Schematic image of the ridge-waveguide SOA.

The MQW and the optical confinement layers that include the InGaAsP separate
confinement hetero structure (SCH) layer (70 nm, Ag=1.2 um) and the InP cladding layer were grown
on the InP substrate by the semiconductor crystal growth using the metal organic vapor phase epitaxy
methodology. The gold electrodes on both p and n sides were evaporated in the vacuum chamber.
The striped electrode on the p-side was made by the photolithography and the wet etching technique.
The ridge-waveguide was also formed by the wet chemical etching using the gold electrode as a mask.
The device length was decided according to the evaluation. After cleaving the device, the
anti-reflection coating was carried out by spattering evaporation of the dielectric film

Figure 2-5(a) shows the I/O characteristics of the SOA with the parameters of the injection
current. The device length and the wavelength of the input optical pulse were 100 um and 1.55 pum,
respectively. The input and the output optical pulse energy were estimated by the average power of

the 100 fs pulse and the repetition rate of 80 MHz. The open marks and the dashed lines were the
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measured results and the theoretical curves that were derived by the least-square method with the

formula (1), respectively.

Optical I/0O Characteristics
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Figure 2-5: (a: upper graph) I/O characteristics of the SOA with the parameter of the injection current. (b:
lower graph) Estimated unsaturated absorption coefficient o, and the saturation intensity E as a function of

the injection current.

The nonlinearity of the fitting curve and the optical loss are decreasing as increasing the injection
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current as shown in Fig. 2-5(a). Figure 2-5(b) shows the estimated device parameters that are the
unsaturated absorption coefficient oy and the saturation pulse energy E, derived by the fitting curves of
the Fig. 2-5(a). Unsaturated absorption coefficient means the opacity of the medium against the
optical pulse. Its budget is equivalent to the optical nonlinearity. Saturation pulse energy is the
optical pulse energy to make medium transparent for the optical pulse. Therefore, the large
unsaturated absorption coefficient and the small saturation pulse energy are desired for the optical
noise reduction device. These characteristics are realized in the small injection current. Although
the large nonlinearity is required to realize an optical noise reduction device, the optical loss of the
device has to be small for the actual deployment of the optical noise reduction device.

In order to reconcile those requirements, optimal condition must be decided by the actual
performance of the optical noise reduction. To investigate the optimal condition of the optical noise
reduction device, the Q-factor calculation is introduced as shown in Fig. 2-6. Although the Q-factor
is basically supposed by the Gaussian noise distribution both the mark level (“1” state of the digital
signal) and the space level (“0” state of the digital signal), it can be useful for the approximate
calculation. Epl, Fp0, o1 and 60 depict the mean of the mark level, the mean of the space level, the
standard deviation of the mark level and the standard deviation of the space level for the input optical

pulse, respectively.
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Figure 2-6: Definition of the Q-factor and the parameters. Schematic image shows the relation of the

parameters and the Q-factor.

The apostrophized characters indicate the parameters of the output optical pulse. The
Q-factor is expressed by the formula depicted in the inset of the Fig. 2-6. It means that the signal to
noise ratio of the optical pulse and the budget of the noise both on the mark level and the space level.
Several formulas are defined for the evaluation as follows. The loss at mark level and the loss at
space level mean the difference of the optical power between the input and the output pulse. The
noise reduction ratio (NRR) expresses the quantity that subtracted the loss at space level from the loss
at mark level. It means that the one where the loss at space level is larger than the loss at mark level is
meaningful. Figure 2-7 shows the calculation results of the loss at mark level and the NRR as a
function of the injection current by using the estimated device parameters in Fig. 2-5. The loss at
mark level is decreased as increasing the injection current. On the other hand, the NRR is
deteriorated as increasing the injection current due to the decreasing the nonlinearity relevant to the

a0.
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Figure 2-7: Calculated results of the loss at mark level and the noise reduction ratio

The Q-factor that is defined in Fig. 2-6 can be calculated for both the input pulse and the output pulse.
The improvement of performance can be evaluated by comparing the Q-factors. To generalize the
Q-factor expression, the decibel indication is introduced by using the formula as follows.

SN = 20 log (Q-factor)
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The delta-SN (d-SN) is defined as the improvement of performance after passing through the noise
reduction device. It is defined as follows,

d-SN =SN’ - SN

where SN’ is the calculated Q-factor of the output pulse. There is a relationship among the Q-factor,
the calculated SN and the bit error rate (BER) of the data signal supposing the Gaussian noise
distribution. Here, the BER of 10” is equivalent to Q-factor of 6, which equals to SN of 15.56 dB.
Figure 2-8(a) shows the calculated results of d-SN with the parameters of the injection current. The
fixed parameters were the device length of 100 um and the wavelength of the input optical pulse of
1.55 pm.
The parameters that have become the requisite for calculation were a0 of 175 cm™ and Es of 3 pJ.
When the injection current was OmA, since the optical loss of a noise reduction device was large, the
improvement of the performance could not be obtained until the input pulse energy equaled to 6 plJ.
On the other hand, when the injection current was 4 mA, the improvement of the performance was
very small due to the lack of the nonlinearity, as also shown in Fig. 2-7.

As seeing in the Fig. 2-8(a), the optimal conditions are between 1 mA and 2 mA with regard
to the optical loss and the performance improvement. Figure 2-8(b) shows the calculated results of
d-SN with the parameters of the device length. The fixed parameters were also 00 of 175 cm™ and Es
of 3 pJ. When the device length was 20 pm, the total improvement of the performance was about 1
dB because the waveguide lost the nonlinearity against the optical pulse. When the device length was
100 pm, the improvement for the small input pulse energy was negative. However, in the case of the
input pulse energy beyond 2.5 pJ, the improvement of performance could be obtained. These results
prove that the characteristics of the noise reduction device can be controlled by the injection current
when the device length and the wavelength of the optical data signal are decided.
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Figure 2-8: (a: upper graph) Calculated d-SN with parameters of the injection current.(b: lower graph)

Calculated d-SN with parameters of the device length.
2.4 Reducing an absorption recovery time by external CW light

An SOA as an SA for a noise reduction device can be expected to improve the transmission

performance as investigated in the previous section. However, if the absorption recovery time is
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longer than the repetition rate of the optical data signal, the nonlinear absorption is not efficient for the
improvement of performance. The absorption recovery time in the semiconductor absorption layer is
limited by the carrier lifetime that is governed by a spontaneous emission. A lifetime in the
active/absorption layer is usually around 1 ns that is almost equivalent to the repetition rate of 1 Gbit/s.
If the noise reduction device is needed to apply for the several tens of Giga bit per second system, the
absorption recovery time of less than 100 ps is an essential factor for the actual deployment.

In this section, a novel method for reducing the absorption recovery time in a
semiconductor optical amplifier is proposed. The reduction of the absorption recovery time is
realized by stimulated recombination due to continuous wave (CW) additional light, so-called assist
light, whose wavelength is longer than that of the optical data signal. The stimulated recombination
process is ultrafast and generates little heat since the process does not involve carrier transport in the

device. This technique can be applied to ultra high repetition rate optical processing.
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Figure 2-9: Simplified gain profile of an SOA. The solid line and the dashed line indicate the steady state

of an SOA and the redistributed state of the excess carriers due to the absorption.
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Figure 2-9 shows the simplified gain profiles to explain the principle, in which the
steady-state profile is shown by a solid line. The wavelength of the assist light is set exactly at the
transparent point on the curve. After the optical data signal passes through the SOA, the gain curve
changes due to the absorption indicated by gray arrow in Fig. 2-9, hence, a positive gain for the assist
light is generated as shown by a dashed line. The excess carriers change into photons by means of
the stimulated recombination due to the assist light, and the gain curve quickly goes back to the steady
state. A much shorter recovery time is expected using this method, because the stimulated
recombination process is considered to happen in several pico seconds. When the wavelength of the
assist light is set at the transparent point, the assist light does not change the electronic state of the
SOA. On the other hand, when the wavelength of the assist light is set in the gain region the assist
light is amplified in the SOA. Therefore, it is expected that the absorption recovery time may be
shorter than the case of the assist light set at the transparent point. Two ways to create different gain
conditions for the assist light was investigated. One is realized by changing the injection current, and
the other is realized by changing the wavelength of the assist light from the transparent point to a
longer wavelength.

Figure 2-10 shows an experimental configuration based on a conventional cross-polarized
pump-probe technique [89-91] to measure the absorption recovery time. Pump and probe pulses of
100 fs width in the 1.5 pm range were generated by an optical parametric oscillator pumped by a
mode-locked Ti:Al,O; laser with a repetition rate of 80 MHz. CW assist light was coupled to the

pump & probe beams and irradiated to the front facet of the SOA via the objective lens.
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Figure 2-10: Experimental setup of the pump-probe measurement and the definition of the parameter

in the measurement results.

The polarizations of pump, probe, and the assist light beams were TE, TM, and TE, respectively.
The pump beam was cut by the polarizer, and the assist light was cut by the polarizer and the optical
low-pass filter, after passing through the SOA. The lower schematic image depicts the definition of the
parameter in the pump-probe measurement. When the measurement time equals to 0, immediately after a
pump pulse is passing through the SOA, the carrier population increases due to the absorption. The excess
carriers are decreasing due to the spontaneous emission. The absorption recovery time is defined by the
point that equals to the 1/e of the initial change of the probe transmission expressed by AT. When the CW

assist light make a contribution to the stimulated emission of the excess carriers, the 1/e recovery time can

36



be expected to quickly go back to the steady state.
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Figure 2-11: 1/e recovery time as a function of the assist light power

Figure 2-11 shows the 1/e absorption recovery time, in which the change of probe
transmission decreases to 1/e of the initial value as a function of the assist light power. The signal
wavelength was 1.50 um and the transparent wavelength of the CW assist light was 1.57 um when the
SOA was operated at 5.9 mA injections. The 1/e recovery time is drastically reduced from 700 ps to
70 ps by increasing the assist light power, because the total quantity of stimulated recombinations is
proportional to the number of incident photons

Figure 2-12 shows 1/e recovery time as a function of injection current. The wavelengths of
the signal and the assist lights are 1.50 pm and 1.56 pm, respectively. The squares, the triangles, and
the circles indicate data at the loss region, the transparent point, and the gain region for the assist light,
respectively. The 1/e recovery time was decreased from 96 ps to 66 ps by increasing the injection
current. By using the assist light in the gain region of SOAs, the intensity of the assist light is

amplified in the active layer along the waveguide. Therefore, a larger number of photons combine
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with the excess carriers in the active layer in comparison with the case of using the assist light set at the

transparent point.
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Figure 2-12: 1/e recovery time as a function of the injection current.

The optimum wavelength of the assist light was also investigated to obtain a shorter 1/e
recovery time. Figure 2-13 shows the 1/e absorption recovery time as a function of the wavelength of
the assist light. An injection current of 6.5 mA was set to make the waveguide transparent for the
assist light wavelength of 1.54 um, as indicated by filled circles. The coupled power of the assist
light was about 30 mW. A shorter 1/e recovery time of 97 ps was obtained at 1.55 um (gain) in
comparison with 117 ps obtained at 1.54 um (TP). Since the assist light at 1.55 um (gain) has a
positive gain, the intensity of the assist light at 1.55 um (gain) is amplified in the active layer along the
waveguide. Therefore, a large number of excess carriers are recombined by the stimulated
recombination of the amplified assist light. While in the longer wavelength range of the assist light,

the 1/e recovery time increases to exceed 120 ps.
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Figure 2-13: Measured result of the 1/e absorption recovery time as a function of the wavelength of the

assist light.

This is because the gain of the assist light becomes smaller as the wavelength of the assist
light approaches the band-gap energy. Increasing the injection current up to 10 mA, as indicated by
open circles did not change this trend. Consequently, setting the wavelength of the assist light in the
gain region of an SOA is not always the best way to obtain a shorter 1/e recovery time. To obtain the
shortest 1/e recovery time, the assist light has to be set at the optimum wavelength in the gain region of
the forward-biased SOA.

Figure 2-14 shows the wavelength dependence of the optical gain of the forward-biased
SOA to clarify the optimum wavelength of the assist light. The experimental setup was almost the
same as the one shown in Fig. 2-10, except that only the probe beam was irradiated to the SOA and the
assist light cut filter (optical low-pass filter) was removed for the measurement of the amplified signal
intensities, which were calculated by the output power and the width of the pulses in the probe beam.

The wavelength of the probe beam was changed from 1.54 um to 1.58 pm.
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Figure 2-14: Amplified signal intensity as a function of the wavelength of the assist light. The parameters

are the injection current to the SOA.

The estimated energy of the coupled optical pulse was 4 pJ. All data were readjusted by
subtracting the optical background, which is the signal level of 0 mA injection. As the experimental
result shows, the maximum point of the gain for the signal pulse was 1.55 um in the active layer for
each condition. In other words, since 1.55 pm is the maximum point of dg/dn in the active layer
when excess carriers are generated due to the absorption of the signal pulse, the positive gain for 1.55
um assist light becomes maximum valued compared with other wavelengths of the assist light. This
is the reason why the optimum wavelength of the assist light to obtain the shortest 1/e recovery time
was 1.55 pm, as shown in Fig. 2-13. Therefore, the assist light has to be set at the wavelength of the
peak of gain profile. We have also confirmed that the 1/e recovery time was reduced from about 600
ps to 46 ps with 77 mW assist light power at 1.55 pm, which is the result of the optimum wavelength

operating under 9.6 mA injections.
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Figure 2-15: 1/e recovery time and optical nonlinearity as a function of the launched power of the assist

light.

The 1/e recovery time and the nonlinearity as a function of the assist light power in the case of
setting the wavelength of the assist light in the gain region are shown in Fig. 2-15. The filled and open
circles represent the 1/e recovery time and the optical nonlinearity dT/T defined in Fig. 2-10, respectively.
The optical nonlinearity dT/T is defined as follows: dT represents an initial change of probe transmission
against the signal (pump) pulse and T represents the initial probe transmission through the waveguide.
The wavelengths of signal and assist lights are 1.50 pm and 1.57 pm, respectively. The injection current of
8.4 mA was twice the transparent current of 4.2 mA for the assist light of 1.57 um. By increasing the assist
light power, the optical nonlinearity dT/T increased from 0.32 to 0.57, while the 1/e recovery time
decreased from 194 ps to 70 ps. In the case of setting the wavelength of the assist light in the gain region,
since the assist light causes the stimulated recombination, the initial carrier population is reduced and the
absorption coefficient is larger than the case of setting the wavelength of the assist light at the transparent

point on the gain curve at the same injection current. Setting the wavelength of the assist light in the gain
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region has an advantage in terms of not only recovery speed but also optical nonlinearity. According to
the evaluation results from section 3.2 to 3.4, the nonlinear absorption in an SOA with the proposed
methodology for reducing the recovery time can be applied for an ultrafast saturable absorber. To
introduce the technique to the actual transmission line, the feasibility of optical 2R regeneration is

investigated in following sections by using a modulated optical data signal.
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2.5 Optical noise reduction in 5 Gbit/s NRZ signal

To evaluate the effectiveness of the optical 2R regeneration by using the proposed
methodologies, the transmission performance of the 5 Gbit/s NRZ signals due to the noise reduction
effect is investigated by comparison of the receiver sensitivity in the BER measurement. The
relationship between the Q-factor improvement of the optical signals and nonlinear absorption

parameters in an SOA is investigated by the numerical calculation.

2.5.1 Experimental setup
The experimental setup is shown in Fig. 2-16. The input optical data signal was a 2’-1
PRBS of 5 Gbps NRZ from a LiNbO; modulator driven by a pulse pattern generator. The amplified

optical signal pulse was coupled into the noise reduction device through a tapered fiber.

5Gbps,NRZ @
WL=1.535um

Noise
Tr Reduction OATT Rx
: Device .
PPG W BER
Assist light
WL=1.57um

Figure 2-16: Experimental setup for the evaluation of the optical 2R regeneration.

The CW assist light was coupled into the backside of the device through an optical

circulator because there was no need to insert a band pass filter that was one of the causes for

43



reducing optical power of the signal in the case of this experiment. Although, there should be some
differences in the optical field distribution of the CW assist light and efficiency of stimulated emission
according to the input direction of the CW assist light, the experimental results of as regards the
absorption recovery time were almost the same in case of using the 100 um long device. The signal
output from the noise reduction device was attenuated in front of the receiver. The receiver
sensitivity was measured by a bit error rate (BER) tester synchronized by a pulse pattern generator at 5

Gbit/s repetition rate.

2.5.2 Experimental results

Figure 2-17 shows the optical output intensity versus the optical input intensity coupled to
the waveguide without the assist light. Parameters are injection currents.

The width of pulse is 100 ps with 5 Gbit/s repetition rate. Nonlinear absorption
characteristics still exist for a signal wavelength of 1.535 pm up to 4 mA under which the waveguide
was determined to be transparent for the CW assist light of 1.57 um. The unsaturated absorption
coefficient o, of 44.1 cm™ and the saturation intensity I, of 11.1 mW were obtained by the fitting of the

Equation (2) indicated by the dashed line.

I
Iout = [in eXp - aO eXp(_ Im jL (2)

s

It was experimentally confirmed that the saturation intensity I was scarcely changed with/without the
assist light. Strictly speaking, the unsaturated absorption coefficient increases about several percent
due to the faster absorption recovery time by means of the assist light. Since it did not seem to be a
significant difference, o and I deduced from the result without the assist light were used in the later
discussion. Note that the insertion loss of the noise reduction device against the signal pulse is as low
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as -0.9 dB with 4 mA injection. The low loss feature is a great advantage for inline devices such as

the noise reduction device in the repeater.
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Figure 2-17: I/O characteristics of the noise reduction device.

The BER measurement was carried out for evaluation the performance as shown in Fig.
2-17. The wavelength and injected intensity of the optical data signal were 1.535 um and +8 dBm,
respectively. The 1.57 pm CW assist light of 20 mW, which was transparent, was injected from the
backside of the SOA. The coupling coefficient between the waveguide and the tapered fiber at both
sides was about 40 %. The absorption recovery times with and without the assist light were about 100
ps and 700 ps, respectively. Figure 2-18 shows the measured BER as a function of the received power.
The BER characteristics with the assist light indicated by closed circles were improved in receiver
sensitivity by 0.5 dB compared with the results of back-to-back (B-B) measurement without the noise
reduction device indicated by closed squares. This result may be due to the fast noise suppression
effect on the space level. However, the BER without the assist light indicated by open circles was
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worse than the result of B-B. The remaining noise on the space level and/or word pattern effect on
mark level due to the rather slow absorption recovery may impair performance. In comparison with
SOA with and without the assist light, the receiver sensitivity was improved by 1.5 dB at a BER equal

to 107,
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Figure 2-18: Measured BER as a function of the received power.
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2.5.3 Numerical calculation

In this part, the performance of the noise reduction device, which depends on the noise
distribution on the signal and the device parameters such as oy, L5, and L, is investigated by numerical
calculation. The performance of the noise reduction device is calculated by Q-factor, which consists
of the four parameters as shown in Fig. 2-6. They are the mean energy of the mark (one) level E,, the
mean energy of the space (zero) level Ey, the standard deviation of the noise on the mark level ;, and
the standard deviation of the noise on the space level oy. The Q-factor of the input optical signal

pulse is defined by the formula,

E —E
Q=—( n =) 3)

((71 + ‘70)

which is usually used for the Gaussian noise distribution. In the same way, the Q-factor of the output

optical pulse defined by the formula,

E',-E'
o=EnEn) )

(o1 +03)

as shown in Fig. 2-6. Since, the transformed noise distribution is not Gaussian shape, the Q-factor of
the output optical pulse does not directly relate to the exact signal to noise ratio (SNR) of the optical
pulse. In other words, it does not mean an improvement of attainable BER. The quantity of Q’
defined here represents the degree of the eye opening in the eye diagram, which is usually obtained by
a sampling oscilloscope. The improvement of the degree of the eye opening makes the receiver
sensitivity better in weak received power. Q-factor can be derived

Figure 2-19 shows the Q value improvement as a function of the input optical pulse energy
using the device parameters that are the o, of 44.1 cm™, the Es = 1.11 pJ, and the L of 100 pm. The
device parameters were empirically determined by the experimental results of 1/O characteristics and

the fitting curve expressed in eq. (2). The improvement of Q value, which equals to 20*Log
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(Q-factor), was calculated by difference between input and output Q values that were able to be
estimated by using eq. (3) and eq. (4). The Q value of the input signal was set to be 15.56 dB, which
was equivalent to BER of 10'9, where the o, and the 6, were 8 % of the mark level E,,; deduced from
the experimental result. The Q’ value was estimated to 15.96 dB by utilizing eq. (2) and the
determined device parameters when the optical pulse energy was as large as 1.26 pJ, which
corresponds to the input intensity deduced from the condition of the input signal in the BER
experiment. The average power, the repetition rate, and the duty ratio were +8 dBm, 5 Gbps, and

50 %, respectively.
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Es=1.11pJ
L=100 pm |

P

O = N W H» O

S

Q value improvement (dB)

1
—

1 2 3 4 5
Ein (pJ)

Figure 2-19: Q-factor improvement as a function of input pulse energy using the experimental device

o

parameters.

Assuming that the only cause of the improvement from the Q value of 15.56 dB to 15.96 dB is the

change of noise distribution on the space level, this improvement can be considered equivalent to the
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9 % decrease from the o, to the 6°. The small absorption coefficient of 44.1 cm™ and the large
saturation energy of 1.11 pJ comparable to the input pulse energy were the reasons why there was the
small improvement. In order to obtain larger improvement, we can modify the device parameters o,
I, and L by changing the material of the active layer or the length of the device. An ideal nonlinear
absorption function for noise reduction is that mark level is not absorbed and space level is completely
absorbed by the active layer of the device. The total amount of the optical signal absorption is
determined by the aol. The low loss for the mark level is realized when saturation energy is
sufficiently small in comparison with the optical signal pulse energy. The shorter device has the

smaller saturation intensity.
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Figure 2-20: Q-factor improvement as a function of input pulse intensity using the assumed device

parameters.

On the other hand, the absorption coefficient o, has to be larger than this case for sufficient nonlinear
absorption effect. The assumed parameters were the oo of 500 cm'l, the L of 30 um, and the E; 0of 0.5
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pJ. The absorption coefficient of 500 cm™ of the waveguide against the light of a 1.5 um range was
deduced by the property of the InGaAs bulk material with a carrier density of 1x10" cm™ and a
confinement factor of 0.3. The saturation energy of 0.5 pJ in the 30 pm device was deduced from our
experimental results on length dependency of E;.  Figure 2-20 shows the Q value improvement with
the optimized device parameters as a function of input pulse energy. The calculated Q’ value of 17.79
dB, which meant the improvement of 2.23 dB, was obtained with the 1.26 pJ optical pulse energy that
was the same as the previous estimation. This improvement can be considered equivalent to the
41 % decrease from the o to the 6’ under the same assumption in respect to the relation of the Q’
value and the 6’g. The suppression effect of the noise distribution on the space level due to the
saturable absorption was enhanced from 9 % to 41 % by optimizing the device parameters.
Additionally, much more reduction of the absorption recovery time may be expected for a shorter

device in our method.
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2.6 Optical noise reduction in 10 Gbit/s RZ signal

For the long haul transmission as well as the metro area transport application, 10 Gbit/s
return-to-zero (RZ) format of the optical data signal is the dominant methodology from viewpoint of
the transmission performance. It is useful to realize a simple optical 2R regeneration device for both
TDM and WDM transmission systems. In this section, evaluation results of the transmission
performance of the 10 Gbit/s RZ signals with and without the optical 2R regeneration device are
experimentally described by both the BER measurement and the optical signal to noise ratio (OSNR)
measurement as well as the extinction ratio of the optical data signals. The optical 2R regeneration
device is an ultrafast SA by using an SOA with the CW assist light for reducing the recovery time just

same as the previous section.

2.6.1 Experimental Setup

An optical 2R regeneration device, so-called optical reshaping device (ORD) in this section,
was a ridge waveguide MQW-SOA of 100 um length with an anti reflection coat on both facets.
Figure 2-21 shows the optical output intensity versus the optical input intensity coupled to the
waveguide with the assist light. The closed circles are experimental results. Nonlinear absorption
characteristics still exist, since the signal light of 1.55 um was the wavelength region of absorption
under applying voltage of 0.2 V. Wavelength and induced power of CW assist light were 1.58 um and
20 dBm, respectively. It was the transparent wavelength on gain profile of ORD determined by the
bias voltage and average power of CW assist light.

The dashed line is the fitting curve, which expressed as follows,

I
[aut = [1'11 G/W{— Q, e’g’(_ij L} (5)
[S
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Where a, is the unsaturated absorption coefficient, I is the saturation intensity and L is the length of
the absorption region. In this case, a.oof 87cm™ and I; of 51 mW were calculated by eq. 5. Here, the
relation between the optical pulse intensity and the optical pulse energy are explained by using the

formulas.
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Figure 2-21: Nonlinear I/O characteristics of the device with the assist light.

The optical pulse energy means the summation of the energy of photons. The optical pulse
intensity means the peak power of pulse, which is corresponding to the height of optical pulse.
Therefore, the optical pulse energy is derived from the product of the optical pulse intensity and the
time width of the optical pulse. Figure 2-22 shows the experimental setup for the evaluation of 10
Gbit/s optical 2R regeneration. The input optical signal pulse was a 2**-1 PRBS of 10 Gbit/s RZ from
an electro-absorption modulator (EAM) for generating the RZ pulse and a LiNbO; modulators for the
PRBS encoding. An ASE light was added by the optical coupler to the signals for emulating the
accumulation of ASE noise from concatenated EDFAs in transmission line.
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Figure 2-22: Experimental setup for the evaluation for 10 Gbit/s optical 2R regeneration

The CW assist light was coupled into the backside of the device through an optical
circulator. At the back of the optical 2R regeneration device, optical attenuators and EDFAs were
deployed for emulating the transmission line, which included optical fibers and repeaters. Four
measurement points indicated by A, B, C and D were defined as shown in Fig. 2-22. The
measurement points A and B are defined for evaluating the reference quality of the transmission signal
and the impaired signal by ASE noise before regeneration, respectively. The other measurement
points C and D are defined for evaluating the signal quality after the regeneration and the transmission

performance after passing through the transmission emulator, respectively.

2.6.2 Experimental Result

The OSNR measurement with resolution of 0.2 nm was carried out at points A, B, and C as
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shown in Fig. 2-23.

4 )
A —
B .....
ASE c—
9 A B C

o

Normalized output (dB)

1548 1550 1552
Wavelength (nm)

Figure 2-23: Normalized optical power of the data signal measured at the points A, B and C.

The measured results of each optical spectrum were normalized by the peak power at 1550
nm of each result. The OSNR of the transmitter measured in the point A as a reference was more than
30 dB. The measured OSNR of point at B drawn by the dashed line and point C drawn by the thick
solid line were 12.0 dB and 13.6 dB, respectively. The improvement of 1.6 dB was observed in the
OSNR evaluation due to the noise reduction at the space level of the optical data signal. Figure 2-24

shows the measurement result of the BER evaluation at the defined points A, B and C.
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Figure 2-24: BER measurement results at point A, B and C as a function of the received power.

The result of point B indicated by closed circles showed a power penalty against the result
of point A due to the ASE noise on mark and space levels which impair the eye opening of signal
pulses. The result of point C, which is after passing through the ORD indicated by opened circles, the
receiver sensitivity of 2.5 dB was improved compared with the result of point B at a BER equal to 10™
due to the noise suppression effect on space level.

Figure 2-25 shows the measurement results of the extinction ratio and the optical SNR and
the estimated results of the Q-factor at each measurement point in Fig. 2-22. The extinction ratio and
the Q-factor were calculated by the histogram of eye pattern measured by the high-speed electric
oscilloscope. The effect of ORD was become clear in each characteristic comparing with point B and

C. By introducing the 2R regeneration, the improvement of the transmission performance was able to
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achieved not only at the points before and after the ORD but also at the point D. It is supposed that
the noise distribution at space level is modified to the non-Gaussian distribution due to the nonlinear
transfer function of the ORD. The final suppression effects of aggravation in extinction ratio and in

optical SNR were 0.5 dB and 0.8 dB, respectively.
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Figure 2-25: Measurement results of the extinction ratio, the optical SNR and the Q-factor of the optical

data signal at points B, C and D.

The extinction ration can be theoretically estimated by the ASE noise accumulation and the
noise suppression effect of the nonlinear absorption effect of the ORD. The ASE noise generated by

the EDFA is expressed as follows,

Pase:%'NF'Bo'(G—l) (6)

where P, is the power of ASE noise, h is the Plank constant, ¢ is the light speed, NF is the noise figure

of EDFA, Bo is the bandwidth of the filter and G is the small signal gain of EDFA. The extinction
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ratio of the each point can be estimated by calculating the mean value of the mark level and the space

level of the optical signals.
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Figure 2-26: Experimental and theoretical evaluation of the extinction ratio at each point. The left side

viewgraph shows the measured I/O characteristics.

Figure 2-26 shows the measurement and the theoretical estimation of the extinction ratio as
well as the measurement result of the I/O characteristics. The experimental results are the same as the
previous results as shown in Fig. 2-25. The extinction ratio of point B can be calculated by the mean
value of the mark and the space level by adding the ASE noise to the reference signal generated by the
transmitter. The nonlinear transfer function expressed by the eq (5) and the device parameters derive
the extinction ratio at point C. The ag of 87 cm™, I; of 51 mW and L of 100 pm were used as the
device parameters that were estimated by the measured I/O results. The extinction ratio at point D
was estimated by adding the ASE noise to the calculation result of point C. The theoretical estimation
well corresponds to the experimental result. This result suggests that the improvement of the
transmission performance by using the optical 2R regeneration can be simply estimated by using the
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proposed estimation procedure.
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2.7 Conclusion

In this section, novel methodology to realize an ultrafast SA for the all-optical 2R
regeneration was proposed and investigated by using an SOA with external CW light. Nonlinear
absorption effect in the active layer of SOA was investigated experimentally and numerically. By
introducing the conception of Q-factor, the device parameter and the actual performance were tied up
for designing the device and the system for the optical 2R regeneration. For reducing the absorption
recovery time to realize the ultrafast SA, external CW assist light was deployed. The absorption
recovery time, which is governed by the spontaneous emission, was drastically reduced from 700 ps to
66 ps evaluated by the conventional pump-prove technique. Experimental evaluation for verifying
the optimum condition was carrier out with regard to the assist light. Using the assist light at
transparent wavelength in the gain profile of the SOA was basic idea that did not change the condition
of the gain profile. For further reducing the recovery time, using the assist light at gain region was
proposed and proved by the experimental evaluation. To evaluate the feasibility of the all-optical 2R
regeneration, performance tests were demonstrated by using the 5 Gbit/s NRZ signal and the 10 Gbit/s
RZ signal. The improvement of the performance was observed in each evaluation. In the 5 Gbit/s
experiment, the improvement of receiver sensitivity was successfully confirmed to be 0.5 dB
compared with the back-to-back measurement. According to the simple calculations, the noise
suppression effect on the space level of more than 40 % for the initial noise distribution at the input
pulse intensity of 1.26 pJ would be possible by changing the material of the active layer to an InGaAs
bulk semiconductor and the device length of 30 um. Moreover, in the experiment using 10 Gbit/s RZ
signals, the ASE noise suppression effect on space level of optical signal in the optical reshaping
device was confirmed. In the BER measurement, receiver sensitivity improvement of 2.5 dB was

confirmed by using ORD. Improvements of extinction ratio of 0.5 dB and optical SNR of 0.8 dB
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were obtained in front of receiver by superimposing the ORD.
These results are promising to realize the quite simple all-optical 2R regeneration device

using nonlinear absorption in an SOA in ultra-high repetition rate operation.
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CHAPTER 3 ALL-OPTICAL 3R REGENERATION

3.1 Introduction

The all-optical 3R regeneration, as mentioned in the chapter 2, is defined that re-shaping,
re-amplifying and re-timing can be simultaneously realized by the optical means. A lot of
methodologies for the all-optical 3R regeneration as well as the all-optical signal processing are
proposed by using the different material and the devices. Figure 3-1 shows the schematic image of

the all-optical 3R regeneration. Basically there are two parts in the 3R regeneration system.
Input

Output
Clock recovery

All-optical
& | ome | I\ [\ I\
Pulse generation

Figure 3-1: Schematic diagram of the all-optical 3R regeneration.

The clock recovery section extracts an accurate clock and generates a continuing optical
clock from the input optical data signal with timing jitter and power fluctuation. The all-optical gate
section works like an optical shutter, which is opened by the optical pulse input. It is straightforward
that the semiconductor waveguide device can be expected to realize the all-optical regeneration device
with high-efficiency, small volume and low-cost manner. Especially the semiconductor waveguide
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device has a large nonlinear response of the optical properties such as a refractive index to the input
optical pulse due to the absorption or emission through the interaction between carriers and photons in
the semiconductor active layer of the device. However, there still exists a problem, for utilizing the
device in the ultra-high speed optical communication system, that is the recovery time from the
excitation state to the steady state of the carriers in the semiconductor device. The slow recovery time
of the gain as well as absorption degrades the operation performance due to the inadequate
performance and the word pattern effect in the optical fiber communication system. Therefore, it is
essential for the high-speed operation of the device to introduce the novel mechanism.

In this chapter, a new technique to shorten the gain recovery time of SOA is introduced by
using the external CW light. Moreover, the methodology is applied for the UNI switch for the
high-speed operation. To apply the UNI switch for the actual deployment in the optical fiber
communication system, the new material is used for the birefringent media compared to the original
proposal. To investigate the feasibility of this methodology, the all-optical regenerative wavelength
conversion is demonstrated at the repetition rate of 40 Gbit/s as well as 80 Gbit/s. Section 4.2
proposes the new technique for reducing a gain recovery time for SOA using external CW assist light.
Section 4.3 describes the operation principle of the UNI switch. The experimental evaluations of the
all-optical regenerative wavelength conversion at the repetition rate of 40 Gbit/s and 80 Gbit/s are

expressed in section 4.4 and 4.5, respectively.

3.2 Reducing a gain recovery time of SOA by external CW light

The semiconductor waveguide based regeneration devices utilize the nonlinear I/O
characteristics and the refractive index change to control the phase of the optical pulse [92-104]. The
dominant factor of the inadequate performance of the device is the word pattern effect due to the gain
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fluctuation for the data signals. Therefore, suppression of the gain fluctuation is effective method to

improve the regeneration performance.

(a) General : Holding Beam Effect (b) Proposed method
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Figure 3-2: Simplified gain curves of an SOA using (a) the holding beam effect and (b) the gain clamping
effect.

One of the techniques for high-speed operation of optical 3R regeneration as well as
wavelength conversion is the holding beam effect [34, 105-106] as shown in Fig. 3-2(a). The holding
beam effect by the clock pulse injection makes gain profile stable because the positive gain for the data
signal become small. However, a large average power of the optical clock pulse is needed to make
the gain saturated condition. Moreover, a large power of the data signal is also needed to change the
refractive index of the semiconductor waveguide since the positive gain for the optical data signal is
small. Consequently, a large power of both the optical clock pulse and the optical data signal are
required for the high-speed operation.

On the other hand, the proposed technique, which is depicted in the Fig. 3-2(b), utilizes the
CW assist light at the transparent wavelength of the gain profile. The CW assist light clamps the gain

curve of the SOA due to the stimulated emission or the absorption at the wavelength of itself when the
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control signal changes the gain curve of the SOA. In this condition, the positive gain for the optical
data signal is maintained at the same level as an initial state. Therefore, the refractive index change
can be carried out by the small optical power compared to the holding beam effect. Furthermore, the
faster gain recovery time can be expected by the very fast excess carrier generation due to the

stimulated absorption caused by the CW assist light.
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Figure 3-3: (a) Gain recovery time as a function of the input optical power. (b) Gain depletion for control

pulse as a function of the input optical power.

Figure 3-3(a) shows the gain recovery time of an SOA as a function of the input optical
power of either the probe or the assist light, which was measured using the experimental setup shown

in the inset. The measurement was carrier out by using the cross gain modulation in the SOA and

64



captured by the high-speed sampling oscilloscope. The recovery time was defined as the 1/e recovery
point of the initial change of the probe light. The SOA was InGaAsP/InP bulk type with gain peak
wavelength of 1525 nm and the injection current was 400 mA. The wavelengths of the CW probe
light and the control pulse with 625 MHz repetition rate were 1555 nm and 1545 nm, respectively.
The assist light at 1480 nm was generated by the Fiber-Bragg-Grating-locked laser diode. Open and
close circles indicate the data measured varying the probe light power without assist light and those
measured varying the assist light power with a fixed probe light power of -10 dBm, respectively.

The gain recovery time monotonically decreased with increasing either the probe or the
assist light power with similar power dependence. The gain recovery time of 40 ps was obtained
when the assist light power was 10 mW. Figure 3-3(b) shows the gain depletion of the SOA to the
control pulse measured with the same setup. The measured results were normalized by the peak
power of the signal wavelength measured by the optical spectrum analyzer. The gain depletion was
only -1 dB when the assist light power was increased as large as 10 mW since its wavelength was
almost transparent to the active layer of the SOA. On the other hand, the gain depletion was as large
as —5.5 dB in the case of the CW probe light power of 4 mW without assist light. It means that, a large
control pulse power is required to induce a refractive index change corresponding to m-phase shift,
which is important property for the interferometric switch utilizing the SOA. These results
apparently prove the advantage of the method to utilize a transparent assist light as a gain clamping
beam, because the fast gain recovery time and the low control pulse power can be realized
simultaneously.

To prove the effectiveness of the proposed methodology, 40 Gbit/s data streams before and
after passing through SOA with and without the CW assist light were observed by a sampling

oscilloscope. Figure 3-4 shows the experimental setup and the trace curve of 40 Gbit/s data streams
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that are the input signal, output signal without assist light and output signal with assist light. The data
stream was generated by utilizing the optical time domain multiplexing (OTDM) technique and 10
Gbit/s RZ data signals, which was the pseudo random bit sequence (PRBS) of 2’-1. There was
obvious word pattern effect in the output signal without assist light as shown in Fig. 3-4(b). When the
continuous “1” is fed into the SOA, the intensity of the output signal from the SOA becomes low
gradually since the gain for the signal does not recover. The gain recovery time is supposed to be not
enough fast for the 40 Gbit/s data stream. On the other hand, the reduction of the pattern effect of the
SOA due to the assist light was observed at 40 Gbit/s as shown in Fig. 3-4(c). These results proved

that the proposed methodology could be applied for the 40 Gbit/s.
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40Gbps m (c) with assist light
1555nm LD

Assist light

1480nm

50ps/DIV

AﬂAﬂ nmn A.\WY

W [ YV AAAS Y

Afa A Ahﬁﬁ“ Ada
Y VAV BV VIV TV,

' (b) output signal wio assist light

] | |
A A ARARA AR
VW e WA VY
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Figure 3-4: Experimental setup and the trace curves of the 40 Gbit/s data streams that are (a) input signal,

(b) output signal without assist light and (c) output signal with assist light.
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Figure 3-5: Experimental setup and the trace curves of the 80 Gbit/s data streams that are (a) input signal,

(b) output signal without assist light and (c) output signal with assist light.

Furthermore, the same evaluation was carried out at the repetition rate of 80 Gbit/s. data
stream generated by 10 Gbit/s based OTDM technique. Figure 3-5 shows the experimental setup,
which is the same as the previous one, and the eye pattern of 80 Gbit/s data streams that are the input
signal, output signal without assist light and output signal with assist light. The eye diagram of 80

Gbit/s data signal of 0 dBm was captured by sampling oscilloscope equipped with 30 GHz bandwidth
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photo detector. Figure 3-5(b) apparently shows the pattern effect on the mark level of the signal, i.e.,
the impaired pulse height uniformity of the output signal of the SOA without assist light. The pattern
effect was almost eliminated by using assist light, as shown in Fig. 3-5(c). Note that the gain
recovery time accelerated by the CW assist light was applicable to the 80 Gbit/s application. These
results indicate that the proposed method can be utilized in the ultra high-speed all-optical 3R

regeneration as well as the all-optical signal processing.

3.3 All-optical regenerative wavelength conversion by UNI switch

The optical interferometric devices incorporating SOA, such as an SOA-MZI [42, 45, 57],
an SOA-delayed interferometer [7-9, 56, 58] and an SOA-one-arm MZI which is so called "UNI
(ultrafast nonlinear interferometer) [28, 107-111]" have been extensively investigated at the bit rate of
40 Gbit/s or higher and are promising candidates for the ultra-high-speed all-optical signal processing.
Especially, the differential operation technique of SOA-based MZI devices allows their response
speeds to easily overcome the limitation due to the slow gain recovery of the individual SOA. Since
UNI employing one SOA has a structural simplicity that intrinsically assures good balance in both
gain and phase in the one-arm MZI, it is easy to be tuned at the optimized condition and to stabilize the
regeneration performance. In this section, operational principle of the UNI switch is described before
the experimental evaluation.

Figure 3-6 shows the switching principle of the UNI configuration. The upper side
schematic diagram and the lower one express the off state of the switch and the on state, respectively.
The basic configuration of UNI switch consists of the two highly birefringent (HiBi) media, one SOA
and a polarizer. Note that all components used here are compact in-line packaged components. In
the off state of the UNI, a pair of orthogonally polarized clock pulses that are divided by the first HiBi
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medium are recombined by the second one after passing through the SOA.

Polarization switch: OFF state

Clock pulse

Polarization switch: ON state
Clock pulse

Data pulse

Figure 3-6: Schematic diagram of the fundamental configuration of the UNI switch.

To recombine the split pulse divided in the first HiBi medium, the second HiBi medium is
set so that the slow and the fast axes may differ by 90 degrees. The polarizer placed at the end of the
optical path is set not to pass the recombined clock pulse for making the UNI switch off state. In the
on state of the UNI switch, the control pulse is fed into the middle of two separated pulses before
launching the SOA. In the SOA, the trailing pulse of the split clock pulse experience n-phase shift
induced by the control pulse. When the clock pulse pair is then launched into the second HiBi
medium, the delay between the pulses is reversed and the two components are recombined before
passing through the polarizer. The polarization of the recombined clock pulse is corresponding to the
polarization direction of the polarizer. Hence the on state of the UNI switch can be realized. When

the CW assist light is needed to deploy for reducing gain recovery time, the laser light can be irradiated
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to the SOA by using an optical coupler from the front side or the backside.

3.4 All-optical regenerative wavelength conversion at 40 Gbit/s

For the actual deployment of the all-optical regenerator in the optical fiber communication
system, it is important to verify the feasibility of the proposed methodology by using the actual data
signals. The new technique has already proposed and evaluated in the previous section, which is that
the CW assist light at the wavelength transparent to an SOA could clamp the gain profile of the SOA
without changing gain or loss for control signals. In this section, a transparent assist light for gain
clamping effect is applied for reducing a pattern effect of an SOA-based all-optical switch that is UNL
The proposed scheme in the UNI at 40 Gbps operation is evaluated by the BER test with various

lengths of the (PRBS).

3.4.1 Experimental setup

The experimental setup of the UNI with the assist light is shown in Fig. 3-7. It consists of
two TiO, rutile crystals, which has the respective refractive indexes for ordinary and extraordinary
rays of ny = 2.45 and ng = 2.70, with the polarization mode dispersion (PMD) of 10 ps as the
polarization discrimination devices. The same SOA as that used in the former experiment was
deployed in between the two HiBi media. Both the 40 GHz probe pulse at 1555 nm and the 40 Gbit/s
control signal pulse at 1545 nm were generated by the fiber ring mode-locked lasers with 10 GHz
repetition rates and OTDM technique. The optical delay line was deployed for adjusting the time
position of the optical data signal between the split clock pulses before launching to the SOA. The
powers of the clock pulse and data signal launched to the SOA were —6 dBm and —3 dBm, respectively.

The assist light of +10 dBm at 1480 nm was launched via optical circulator from the backside of the
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SOA. A Babinet-Soleil compensator consisting of two TiO, rutile wedges precisely tuned the relative
phase difference between two polarization components. The polarizer and the optical band pass filter
were deployed for extracting the polarization switched signal at 1555 nm. The switched signal of 40
Gbit/s was demultiplexed into 10 Gbit/s signal by an EA modulator and the signal quality was

estimated by the BER test system.

UNI with assist light

40GHz i )
1555nm PMD=10ps 400mA PMD=10ps
2t=2ps - -
> rutile SOA _@_ rutile x
crystal crystal A
Babinet| BPF
40Gb/s LD -Soleil
1545nm L 1480nm y
2 t=4ps
» _Do/ptical
delay line

For BER measurement

40 Gb/s signals +7dBm

10 Gb/s signals
at (A) EA | —P>

to Error Detector

10 GHz

Figure 3-7: Experimental setup of the UNI switch with the CW assist light at 40 Gbit/s operation.

3.4.2 Experimental results
The eye diagrams of the back-to-back signal at 1545 nm, the switched signal at 1555 nm
without (case A) and with (case B) assist light are shown in Fig. 3-8. The switched signal without the
assist light was impaired by the pattern effect on the mark level as observed in the case B as shown in

Fig. 3-8. The impairment of the mark level was suppressed due to the reduction of the pattern effect
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by the CW assist light in the case C as shown in Fig. 3-8. The quality of each signal is quantitatively

assessed by BER measurement. The results of BER measurements are also shown in Fig. 3-8.
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Figure 3-8: The eye diagrams of the 40 Gbit/s PRBS signals that are the input signal (case A), the output
signal without assist light (case B) and the output signal with assist light (case C). The lower view graph is
the measured BER results that are the back-to-back and the case A, B and C as a function of the received

power.

The power penalty of 3.3 dB in case A (without assist light), which was defined at BER =
10" with reference to the back-to-back. In case B (with assist light), the power penalty was improved
as small as 1.0 dB. In addition, no error floor was observed in case B, whereas a slight error floor
(BER~10"") was observed in case A. On the other hand, increasing the probe power instead of using
the assist light, the improvement in power penalty from that of the case A was only 0.3 dB at the

optimum probe light power of +0 dBm because the required control pulse power increased.
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Figure 3-9: The power penalty difference as a function of the PRBS length.

Next, the BER’s with various PRBS lengths were measured. Figure 3-9 shows the
improvement in the power penalty achieved by the assist light as a function of the PRBS length. The
upper figure is an example of BER measurement as a function of received power in the case that the

PRBS of 2’'-1. The white diamonds, the white triangles and the black triangles indicate
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measurement results of the back-to-back, the gain clamping effect and the holding beam effect,
respectively. Each power penalty difference, which was indicated the number “1” or “2”, was
calculated by the two values of the received power when the BER equaled to 1x10™.  Furthermore,
the difference between the two power penalty differences was calculated. The improvement was
enhanced from 1.4 dB to 2.3 dB by increasing the PRBS length from 27-1 to 2°'-1 as shown in the
lower figure of Fig. 3-9. This result also proves that the assist light effectively suppressed the pattern
effect of the UNI. These results are promising that this proposed scheme can be utilized for the
ultra-high-speed all-optical regenerative wavelength conversion, which is corresponding to the

all-optical 3R regeneration at the repetition rate of 40 Gbit/s.

3.5 All-Optical wavelength conversion at 80 Gbit/s

In the previous section, 40 Gbit/s all-optical regenerative wavelength conversion was
successfully demonstrated by the BER measurements. To evaluate the feasibility of the proposed
scheme for the ultra high-speed optical communication system, the bit rate of the optical data signal
fed into the UNI switch should be sped up. There are several discussions with regard to the next bit
rate beyond 40 Gbit/s data stream, which is correctly expressed as 39.81312 Gbit/s as well as
OC-768/STM-256 in the SONET/SDH networks. It is suitable for the SONET/SDH network to
define the higher bit rate that is corresponding to the twice or four times of the OC-768/STM-256. On
the other hand, 10 Gbit/s Ethernet network will need to have the ten times larger than the 10 Gbit/s
interface, which means 100 Gbit/s. In this section, the all-optical wavelength conversion is evaluated
at 80 Gbit/s for the initial evaluation of the next-generation ultra high-speed optical communication

system.
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3.5.1 Experimental setup

Figure 3-10 shows the experimental setup and the condition of the evaluation. The UNI
switch consists of an SOA and two HiBi media as a polarization discriminated interferometer. The
PMD of the HiBi media was corresponding to 6.25 ps. The injection current of the SOA was set at
400 mA, at which the small signal gain was about 17 dB with the polarization dependency less than
1 dB for 1555 nm wavelength. The transparent assist light of +10 dBm power at 1480 nm, which
reduces a gain recovery time of the SOA, was induced via an optical circulator from the backside of
the SOA. Pulse width of the 80 Gbit/s input data signal and 80 GHz clock pulses were 5 ps and 1.5 ps,
respectively. Both the optical pulses were generated by 10 Gbit/s based OTDM technique. The

other configuration was same as the previous experiment.

80GHz UNI with assist light
1555nm, [ ) _
2t=15ps |PMD=-6ps 400mA PMD=~6ps polarizer
— — -

—p}{HBw1 | ] soa |.©_ HiBi#2 _J}_._. /
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J’t5455nm, L 1480nm )

» | | optical
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Figure 3-10: Experimental setup for evaluation of the 80 Gbit/s wavelength conversion by UNI switch.

The 80 Gbit/s data stream was modulated in PRBS 2°'-1 in the 10 Gbit/s repetition rate.
It was difficult to generate the optical data signals and the optical clock pulse with accurate time

interval of 12.5 ps for the 80 Gbit/s repetition rate, because the there was not measurement
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equipment that could observe the 80 Gbit/s signal directly. When the OTDM technique is utilized
to generate the higher bit rate, the RF spectrum analyzer and the photo-diode are used for evaluating
the accuracy of the time interval. When the clock pulse at 20 GHz is generated by 10 GHz based
OTDM technique, there is no frequency component of 10 GHz in the accurate 20 GHz clock pulse.
Therefore, the OTDM equipment can be tuned to generate the accurate doubled bit rate by
monitoring the suppression of the frequency component of the base frequency. By using this
technique, the 80 GHz optical clock pulse and the 80 Gbit/s data stream were accurately generated

for the experimental evaluation.

3.5.2 Experimental results

The eye diagrams of input and output signals at 80 Gbit/s are shown in Fig. 3-11.

Input data signal (1545nm)

12 5psidiv

Output data signal (1555nm)

12 5psidiv

Figure 3-11: Eye diagrams of the input and the output signal of the 80 Gbit/s data stream.

The optical powers of the 80 Gbit/s data stream and the 80 GHz clock pulses fed into the
SOA were 0 dBm and -5 dBm, respectively. Small switching power of 0 dBm for 80 Gbit/s

wavelength conversion was realized by the transparent assist light. The operation logic of this
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wavelength conversion was inversion from mark to space and vice versa, namely bit-inverted

conversion.
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Figure 3-12: Measured BER result of the 80 Gbit/s wavelength conversion. The inset shows the 10

Gbit/s data signal demultiplexed by the EAM based conventional demultiplexing scheme.

The BER measurement was carried out at 10 Gbit/s after demultiplexing by two-cascaded
EAMs that were driven at 20 GHz and 10 GHz. In Fig. 3-12, BER is plotted as a function of the
received power. The inset shows the eye diagram of converted signal after demultiplexing 10 Gbit/s.
Wavelength conversion with the error free operation was obtained. However, the power penalty of 8
dB compared to input signal was confirmed at the BER equals to 10” with error floor. The
conversion penalty would be due to the remaining pattern effect in the SOA. The spread distribution

on mark level was confirmed in the demultiplexed 10 Gbit/s signal as shown in the inset of Fig. 3-12.
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3.6 Conclusion

In this chapter, a new technique to shorten the gain recovery time of an SOA by using the
external CW light was proposed. Although the gain recovery time was almost same compared with
the holding beam effect that was previous general technique, the advantage that the input power of the
optical data signal became small was clarified by the experimental evaluation. The SOA gain
recovery time of 40 ps was obtained utilizing the assist light with gain depletion as small as —1 dB.
The operation principle of the UNI switch that was recognized as the polarization discrimination
switch was described with regard to both the off state and the on state. To investigate the feasibility of
this methodology, the all-optical regenerative wavelength conversion was demonstrated at the
repetition rate of 40 Gbit/s as well as 80 Gbit/s. The reduction of the pattern effect of the UNI at 40
Gbps by the transparent assist light was successfully demonstrated while keeping the control pulse
power as low as —3 dBm. The receiver sensitivity improvement of 2.3 dB was confirmed at BER =
10°. Moreover, the improvement in the power penalty was enhanced from 1.4 dB to 2.3 dB by
increasing the PRBS length from 2'-1 to 2°'-1.

The 80 Gbit/s wavelength conversion by the UNI switch was also demonstrated by using
the CW assist light. The BER characteristic was measured at 10 Gbit/s after demultiplexing.
Although the power penalty of 8 dB with error floor was confirmed in 80 Gbit/s wavelength
conversion, error-free operation was obtained. The elimination of the conversion penalty would be
possible by optimization of the SOA. It can be said that the SOA-UNI switch with injection of the
transparent assist light is able to be an attractive method for an ultra high-speed all-optical signal

processing.

79



CHAPTER 4 REGENERATION CAPABILITY OF
ALL-OPTICAL 3R REGENERATOR AT 40 Gbit/s
RETURN-TO-ZERO SIGNAL

4.1 Introduction

Most of the all-optical 3R regeneration schemes are experimentally investigated in the test
bed of laboratories. It is necessary to evaluate the working principle and the potential of the new idea
in laboratories for initial stage of the investigation. However, the evaluation condition or the
numerical calculation may not be corresponding to the actual deployment. Therefore, it is important
to verify their tolerances against various transmission impairments attempting to put them in the real
fields. On the other hand, it is essential for the all-optical 3R regeneration device to make known the
distinct regeneration capability of the proposed devices.

In this chapter, the operation margin of the all-optical 3R regenerator that is UNI switch
with the CW assist light and the operation margin of the UNI switch against the intentionally impaired
optical data signal are experimentally investigated at 40 Gbit/s. In section 5.2, the operation margin
for the condition is experimentally evaluated in terms of the tolerance against the relative time position
between the input data and the clock, the input power, and pulse widths of both input-data and clock.
The tolerances are evaluated by the BER penalties of the regenerated signal with respect to the
back-to-back (B-B) measurement. In the experimental evaluation of the all-optical 3R regeneration,
it is essential to determine the optimal operation condition by monitoring the optical properties. In
the same section, the regeneration schemes that are the bit inversion conversion and the bit
non-inversion one are described as well as the methodology for determination of the optimal operation
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condition by using an optical power meter. In section 5.3, the regeneration capability of an all-optical
3R regenerator placed just in front of the receiver is experimentally investigated by using simulated
optical signal impairment due to both amplitude noise and timing jitter. The improvement in the
minimum attainable BER that corresponds to the Q-factor and the broadening of the threshold-voltage
window are described. The timing jitter reduction resulting in Q-factor improvement is also

demonstrated.

4.2 Operation margin of the all-optical 3R regenerator

In this section, the operation margin of the UNI switch is investigated. Before the
experimental evaluation, the Pros. and Cons. of the regeneration scheme with regard to the bit
inversion and the bit non-inversion operation are expressed. Figure 4-1 shows the typical relative
output optical power of the UNI switch as a function of the input average power. The interferometric
switch shows the cyclic I/O characteristics both in the bit inverted regeneration and the bit noninverted
one. For improvement of the regeneration performance, the bit inverted regeneration is better than
the bit noninverted scheme that is simply expressed in the lower diagram of Fig. 4-1. By utilizing the
bit-inverted regeneration, a mark level with fluctuated amplitude and a space level with an ASE noise
can be converted to a clear space level and a stable mark level, respectively. Comparable extinction
ratios were achieved for both modes. Since the relatively flat response was obtained in low input
power region, fluctuation (i.e., noise) in the regenerated mark level was expected to be reduced in the
bit-inverted mode. In the following experiments, the regeneration was conducted in the bit-inverted

mode.
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Figure 4-1: Measured 1/O characteristics of the UNI switch and the schematic diagram of the transfer image

of the bit-inverted conversion.

It is very important that the fluctuation of an input signal is not transcribed to the new signal in the
all-optical 3R regeneration. Figure 4-2 shows the two I/O characteristics that were measured by the optical
power meter (OPM) indicated by the open circles and the optical spectrum analyzer (OSA) indicated by the

open triangles as well as the eye diagrams of the input and the converted optical signal around the optimal

operation condition of the UNI switch.
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Figure 4-2: 1/O characteristics of the bit-inverted conversion. The eye diagrams are the input and the

output signal corresponding to the input optical power.

The optimal operation condition can be determined to be around -8 dBm or smaller power

by assessment of the eye diagrams. Although the input optical power for the optimal operation
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condition can be supposed by the I/O characteristic measured by the OPM, the optimal operation
condition is not able be determined by the I/O characteristic measured by the OSA. The difference
between the OPM measurement and the OSA one has a cause in lack of the information of modulation

sideband.
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Figure 4-3: The optical spectra of the 40 Gbit/s signal at 1555 nm.

Figure 4-3 shows the optical spectra of 40 Gbit/s signal measured by the OSA of 0.06-nm
resolution. When the OSA is used for the measurement, the measured optical power is determined by
the peak power of the center wavelength of the signal. On the other hand, the measurement by
utilizing the OPM is including the amount of the optical power of the modulation sideband.
Consequently, the accurate evaluation for the optimal operation condition of the optical 3R
regenerator with cyclic transfer function should be carried out by using the OPM. When the

all-optical signal processing and the photonic cross connect are deployed in the network, the electric
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performance monitoring, such as the B1/B2 byte in SONET/SDH header or the packet counter in the
Ethernet interface, is not available due to the transparency for the optical signal. Therefore, it is
essential for the all-optical networks to clarify the correlation between the actual performance and the
monitored information as well as the establishment of the monitoring methodology. The following

sections describe the operation margin of the all-optical 3R regenerator.

4.2.1 Experimental setup

The experimental setup is schematically shown in Fig. 4-4. The UNI switch was
comprised of two HiBi media, a bulk-type InGaAsP-based SOA (800 um long), a Babinet-Soleil phase
compensator, an optical band pass filter and a polarizer. The transparent assist light at 1455 nm,
which reduced the gain recovery time of the SOA, was injected from backside of the SOA. The clock
pulse at 1555 nm having the pulse width in the range from 5 ps to 10 ps was directly generated by an

EAM at 40 GHz.
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Figure 4-4: Experimental setup for the operation margin and the evaluated articles.
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The data signal at 1545 nm was generated by a fiber ring mode-locked laser for pulse width
of 6 ps or by another EAM for pulse width of 15 ps. The optical time division multiplexing technique
was used to make the 40 Gbit/s signal after coding at 10 Gbit/s with PRBS 2°'-1 in all the cases. As
for 10Gbit/s-based BER measurement, post-amplified demultiplexer consisting of an EAM and an
EDFA was used to demultiplex 40Gbit/s signal into 10Gbit/s. The tolerance parameters examined in
this evaluation were illustrated and denoted in Fig. 4-4. The DGD of the HiBi medium, the relative
timing position of the input data signal between two split clock pulses, the pulse width of the data

signal and the clock pulse were configured with several different conditions in this evaluation.

4.2.2 Tolerance evaluation of the two DGDs of HiBi medium
The tolerances against the input power variance of data signal (6 ps) in respect to the
different time window of the split clock pulses (5 ps), which was determined by the differential group

delay (DGD) of the HiBi, were plotted in Fig. 4-5(a).
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Figure 4-5: (a) Measured power penalty against the variance of input power. The pulse widths of the

data and the clock were 6 ps and 5 ps, respectively. (b) Measured BER results with the input optical

power variation as a function of the received power. The pulse widths of the data and the clock, and

the DGD value were 6 ps, 5 ps and 15 ps, respectively.
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No measurable power penalties on the regenerated signals were confirmed for both DGDs
(12.5ps, 15ps) at the optimized input power. However, the tolerance against the input power
deviation, which is defined that the increase of the power penalty was within 1 dB from the optimum
condition, was 4.2 dB for the 15-ps DGD that was wider than that for 12.5-ps DGD. Because the
cross phase modulation (XPM) in the SOA is exponentially recovered to the initial state, the amount of
the XPM is less sensitive when time difference between the data pulse and the trailing clock pulse is
apart. An increase margin of 2.2 dB might be attributed to the expansion of the split time window of
the clock pulses. Hereafter, the condition set of 6 ps data signal, 5 ps clock pulse and 15-ps DGD is
defined as “the reference condition”. Figure 4-5(b) shows the BER measurement results of the
reference condition corresponding to the result of Fig. 4-5(a). There is no error floor in the data at the
optimum power, although the data under the power deviated by -2 dB from the optimum condition

showed slight error floors.

4.2.3 Operation margin for the timing position of data signal

On the reference condition, the tolerance for the relative timing of data pulse was
investigated by the power penalty with respect to the B-B as shown in Fig. 4-6(a). The 1dB margin of
the relative timing of the data was confirmed to be 10 ps, which was as wide as two thirds of split time
window of 15 ps. The best position of the data signal was just at the middle of the split clock pulses.
Basically the relative timing position of the input data signal for the orthogonally split clock pulses is
not changed drastically after the optical delay line is configured. The accurate clock that is extracted
from the input data signal generates the optical clock pulse. In other words, the timing phase of the
optical clock pulse is governed by the timing of the data signal. Therefore, the operation margin of 10
ps inside the 15-ps DGD is supposed to be large enough for the actual deployment.

87



/Timing
(a) (b)

6 '3 . O BB
—~~ o M ] E 7:44
50 4] e : i
>4 . 1o | MSE s 24
© 3 . % -5 ’ N o : -ci'%
S 6| s : 32
Q2 10ps 3 s 80 N 630
5 u - -7 -0 B —'(/.61)
> 1 e ] -8 8 SE g ps
o e wn® -9 ."-g g 8
a0 ] 10 ﬁx

40 5 0o 5 10 15 -0 5 0
Relative timing (ps) Received power(dBm)

Figure 4-6: (a) Power penalty as a function of the relative timing of the input optical data signal. (b)
BER results that are corresponding to the each point of the left side viewgraph as a function of the
received power. The pulse widths of the data and the clock, and the DGD value were 6 ps, 5 ps and

15 ps, respectively.

Figure 4-6(b) shows the BER measurement results of the reference condition corresponding to the
result of Fig. 4-6(a). There were error floors in the data that were more than +/- 7 ps apart from the
optimum point. It seems that the correlation of the data signal and the split clock pulses strongly

degrade the regeneration performance.
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4.2.4 Operation margin for the DGD parameter of UNI switch
The impact of the pulse width against the regeneration performance was evaluated by
expanding the pulse width of the data signal that was changed to 15 ps that was 2.5 times wider than
the reference condition of 6 ps. The pulse width widening is a regular problem in the actual
transmission line due to the chromatic dispersion of an optical fiber. The pulse width of 15 ps was not
adequate for 40 Gbit/s repetition rate since the time interval of the 40 Gbit/s is 25 ps. Therefore, the
pedestal of the optical signal of 15 ps might be overlapped each other in the case of continuous “1”

signal. Moreover, the input optical data signal is overlapped with the split clock pulses since the
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Figure 4-7: Power penalty of the output signal of the UNI switch for the power variance of the input data

signal. The pulse widths of the data and clock were 15 ps and 5 ps, respectively.

pulse width of 15 ps is corresponding to the DGD of the HiBi media. The inset eye diagrams in Fig.
4-7 were the input and the output signal that operated at the optimal condition. The measured
tolerance for the power variance of data signal is shown in Fig. 4-7. The tolerance was evaluated by
the power penalty that was the difference of the Q values between the optimal operation and the

changed input power. Negative power penalty of -0.9 dB, which meant the improvement of the
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receiver sensitivity, was observed at the optimum condition, although the tail of the data signal should
be overlapped with the split clock pulses. The input power tolerance of more than 3 dB has been
confirmed. This result cannot be directly compared to the reference condition case, because the
wider input data signal of 15 ps pulse width might be already degraded by a coherent cross talk when
40 Gbit/s signal was generated by OTDM technique as recognized from the waveform shown in the
inset of Fig. 4-7. However, this result proved a high tolerance against the data pulse widening that
might be induced by the chromatic dispersion and/or PMD of the optical fibers.

In the former reports, the UNI was operated using a relatively narrow clock pulses, which
were a few pico seconds width for 40 Gbit/s, for instance, to avoid overlap among data pulse and split
clock pulses. However, clock pulse width should be more flexible to adapt various kinds of

transmission systems.
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Figure 4-8: Power penalty of the output signal of the UNI switch for the power variance of the input data

signal.  The pulse widths of the data and clock were 6 ps and 10 ps, respectively.

Figure 4-8 shows the data power tolerance for the case that the clock pulse width was
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changed to 10 ps from the reference condition of 5 ps. In this case, the pulse width of the input data
signal was 6 ps. The power penalty from back-to-back was still remained as small as 1 dB. The
eye diagram of the output signal with clear eye-opening was confirmed as shown in the inset of the
Fig. 4-8. The tolerance of the input data signal of 3.5 dB was observed as well as the error-free

operation in each condition.
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Figure 4-9: Power penalty of the output signal of the UNI switch for the power variance of the input data

signal. The pulse widths of the data and clock were 15 ps and 10 ps, respectively.

Based on these two results, regeneration capability in the case of the 15 ps data pulse with
10 ps clock pulse was investigated as shown in Fig. 4-9. As described in the former section, the 15 ps
input data signal was degraded to some extent as observed on the mark level in the waveform in the
inset. Note that the power penalty at the optimum data power was as small as 0.4 dB in spite of the
substantial overlap between the data signal and the split clock pulses. However, the input data power

tolerance was somewhat decreased down to 2.2 dB.
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4.3 Regeneration capability for impaired signal

In this section, the regeneration capability of the UNI switch as an all-optical 3R
regenerator is evaluated by employing the intentionally impaired optical data signal. Figure 4-10
shows the impairment factor of the optical data signal in the EDFA based transmission line. The
power fluctuation is occurred by an ASE noise generated from the concatenated EDFAs as well as the
time-dependent optical loss in the transmission fibers. The ASE noise gives a fluctuation of timing,
which is a timing jitter, along the long distance transmission line. A pulse width widening is mainly
caused by the chromatic dispersion of fibers and the chirping of an optical data signals due to the

refractive index change of the semiconductor optical device.

* Power fluctuation

Optical data signal . :
* Timing fluctuation

Transmission line * Pulse widening

Figure 4-10: Schematic diagram of the impairment factors for the optical data signal in the EDFA based

transmission line.
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These three impairment factors are the major reason of the performance degradation of the optical

signal. The al-optical 3R regenerator is expected to eliminate them by all-optical processing for the

ultra high-speed repetition. The following sections describe the experimental evaluation.

4.3.1 Experimental setup

Figure 4-11 schematically shows the experimental setup. The basic configuration was

same as the previous setup as shown in Fig. 4-4. The DGD of the two HiBi media was 12.5 ps. Both

the 40Gbit/s data signal (1545 nm, 6 ps, -1~+1 dBm) and the 40GHz clock probe pulse (1555 nm, 2 ps,

-2 dBm) were generated by 10Gbit/s-based OTDM technique.

40GHz
A =155
At=2ps

clock
5nm

l

clock signal = -2dBm
data signal = ~0dBm

UNI

|

1 500mA
HiBi#1 SOA HiBi#2 — — BPF
Pump LD [ Polarizer

N\

40Gbit/s data

A =1545nm

At=6ps

(10Gbit/s OTDM, PN31)

Optical Delay

|
1480nm Babinet-Soleil

phase compensator

Figure 4-11: Experimental setup of the all-optical 3R regeneration for the intentionally impaired optical

signal.

Figure 4-12 also shows the experimental configuration that enables to give the intentional

impairment to the optical data signal. A high-power ASE light source was employed to superimpose

amplitude noise onto the data signal for making a power fluctuation. The quasi-random timing jitter

93



was imposed on the data signal using a combination of a polarization scrambler and a polarization
maintaining fiber with PMD of 8.5 ps that corresponded to the maximum timing jitter. It enables that
the time position of the optical data signal is changed by the polarization of the output signal from the
polarization scrambler. The intentionally degraded data signal was fed into the UNI switch via the
optical band pass filter and the polarization controller, and the qualities of the original data and the
regenerated signals were evaluated by means of eye-diagram observation and BER measurement. As
for 10Gbit/s-based BER measurement, post-amplified demultiplexer consisting of an EAM and an

EDFA was used to demultiplex 40Gbit/s signal into 10Gbit/s.

40GHz clock signal Regenerated
(1555nm) signal (1555nm)
: [ UNI |C—> | Demux (10Gbitis)
& BERTs
40Gbit/s impaired
data signal
40Gbit/s, PN31
1545nm — > O BPF o PC —

BPF

__| Polarization @

scrambler | high-birefringent
Fiber(8.5ps)

Figure 4-12: Schematic diagram of the configuration for giving the intentional impairment to the optical

data signal.
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4.3.2 Signal degradation by the amplitude noise
Figure 4-13 shows the amplitude distributions of the data signal degraded by ASE noise and the
regenerated signal. The corresponding eye diagrams are shown in the insets. The distributions of
both the mark and space levels became narrowed and non-Gaussian distributions after the regeneration
owing to the nonlinear transfer function of the all-optical 3R regenerator, which was the bit-inverted

conversion, while those of the control signal were Gaussian distributions.
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Figure 4-13: Histograms of the signal intensity of the original data signal and the regenerated signal.

The Q values of both signal were estimated by the measured factors and the expressed formula.
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The Q value of the original and the regenerated signals were estimated by using the measured
factors and the formula as shown in Fig. 4-13. The factors that were the mean value and the standard
deviation of the histogram of the signals were measured by the electric sampling oscilloscope. The Q
value of the original data signal and the assumed Q value of the regenerated signal were 11.9 dB and 13.2
dB, respectively. The improvement of 1.2 dB was obtained by the nonlinear transfer function of the 3R

regenerator.
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Figure 4-14: Measured BER of the original data signal and the regenerated signal as a function of the

threshold voltage of the decision circuit in the reveiver.

Such reshaping function with eye opening effect of the 3R regenerator contributes to the
widening of the threshold-voltage window at the receiver, as shown in Figure 4-14. The
threshold-voltage window, within which the BER less than 10™ that can be recovered to the BER of 10
by FEC was achievable, was 2.1 times broadened after the regeneration. The optical signal-to-noise
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ratio was estimated to be 8.2 dB for the degraded control signal, and 27 dB for the regenerated signal.
These highly tolerable characteristics of the receiver should be beneficial to the receiver to receive a

seriously impaired FEC coded signal with little margin.

4.3.3 Timing jitter
The timing jitter reduction capability of the 3R regenerator was assessed separately from its
reshaping function by intentionally adding timing jitter within 8.5 ps to the data signal. Figure 4-15
shows the waveforms of the original data signal, the data signal with timing jitter, and the
corresponding regenerated signal, respectively. The timing position of the original data signal was

changed by the polarization scrambler and the polarization maintaining fiber.

(1)Data signal w/o timing jitter

\ l

10ps/div
(2)Data signal w/ PMD

i

10ps/div

(3)Regenerated signal

10ps/div

Figure 4-15: Measured waveforms of (1)the original data signal, (2)the data signal with quasi

timing jitter of 8.5ps and (3)the regenerated signal by the all-optical 3R regenerator.
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Figure 4-16: Histograms of the rise point of eye diagrams at the half of the mark level height. (1) Original
data signal (dashed line) (2) Data signal with emulated timing jitter generated by the combination of a

polarization maintain fiber and a polarization scrambler (solid line). (3) Regenerated signal (gray line).

The histogram shown in Fig. 4-16 was taken along the time axis for the rise curve of each
waveform at the half of the mark level height. Each histogram from indicated by the dashed line (1),
the solid line (2) and the gray line (3) are corresponding to the measured waveforms shown in Fig.
4-15. The standard deviation of 1.25 ps derived from the histogram of the regenerated pulse
coincided with that of the original data signal, while that of the data signal with timing jitter was as
large as 3.19 ps. Nevertheless, obtained power penalty improvement by the regeneration was as
small as 1 dB at BER = 107, that may be attributed to that the imposed timing jitter values were not

random and/or too small for the 10 Gbit/s-based receiver to respond due to its limited bandwidth.

4.3.4 Amplitude noise and timing jitter
The employed data signal was simultaneously imposed both with moderate ASE noise and

quasi-random timing jitter of 8.5 ps, which was generated by the polarization rotator and Hibi medium
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whose DGD was 8.5 ps. The OSNR of the degraded control signal was estimated to be 12.4 dB.
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Figure 4-17: Measured BER results of the degraded data signal and the regenerated signal as a function of

the received power. The corresponding eye diagrams are shown in the inset.

Figure 4-17 shows the measured BER results with the corresponding eye diagrams in the
inset of the figure. The minimum attainable BER of 1.4 x 10” (Q-factor of 14.9 dB) for the degraded
data signal was improved to BER = 8.5 x 10" (Q-factor of 15.6 dB) for the regenerated signal. The

improvement of Q-factor by 0.7 dB proves that the all-optical 3R regenerator consisting of UNI switch
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can work as a mitigater directly recover of signal impairments of both random amplitude noise and

random timing jitter.
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4.4 Conclusion

In this section, the advantage of the bit-inverted conversion and the experimental results
due to the benefit of the conversion scheme were described. The operation margins of the UNI switch
as an all-optical 3R regenerator were experimentally investigated at 40 Gbit/s by changing various
parameters, which simulate a practical environment. The input power tolerance of 4.2 dB and the
timing tolerance of 10 ps within the power penalty of 1 dB were observed. The optical regeneration
with wider clock pulse of 10 ps was confirmed with the 1 dB penalty increase. When the data signal
was widened up to 15 ps, the improvement of the receiver sensitivity of 0.9 dB was observed with
respect to the degraded input data signal.

Next, the reshaping and retiming capability of the UNI switch were also experimentally
evaluated by employing seriously impaired 40Gbit/s data signal. It was confirmed that the reshaping
function of the 3R regenerator contributed to broadening of the threshold-voltage window at the
receiver by a factor of 2.1. The timing jitter of 8.5 ps imposed on the control pulse was almost
completely corrected after the regeneration. Finally, the Q-factor of 14.9 dB for the control pulse, on
which both amplitude noise and timing jitter were imposed, was improved to 15.6 dB after the
regeneration. These results indicate that the all-optical 3R regenerator is promising as a mitigator for
recovering the signal impairments of the high-bit-rate signal placed directly in front of the receiver.
In conclusion, UNI can be operated at 40 Gbit/s not only with zero-penalty at the optimum condition,

but also with large tolerances against in timing jitter, power variation, and pulse widths changes.
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CHAPTER 5 BIT RATE TUNABLE WAVELENGTH
CONVERSION

5.1 Introduction

The UNI switch, which is a polarization Mach-Zehnder interferometer using one pair of
DGD elements is an attractive candidate for over 100 Gbit/s operation as described in the previous
section, because its simple one-SOA configuration results in easy control of the power balance
between two optical arms and hence in superior stability. To simplify the configuration further, the
UNI switch consisting of an SOA in a circulating configuration with only one DGD element has been
reported [133]. However, all the reported UNIs so far have fixed switching gate windows equal to the
DGD of the HiBi medium such as a polarization maintaining fiber in the most cases. For an actual
deployment of the wavelength conversion device, a bit rate tunable feature is very useful functionality
in the optical node or in front of the receiver. The photonic cross connect node for making a
wavelength path is needed to change the bit rate of the optical data signal when the same optical path is
required to use by several different input port. Moreover, the FEC functionality makes bit rate of the
optical data signal to increase due to the redundant bit for the error correction. In addition to the
simplifying the configuration of UNI switch, attaching a functionality of the bit rate tunability

expands the applicable region of UNI switch in the all-optical networks.
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Figure 5-1: The configuration of the UNI switch using two fixed HiBi media.

Figure 5-1 depicts the basic configuration of UNI switch. To realize the bit rate tunable
functionality by using UNI switch scheme, two issues have to be considered with regard to the optics
in the configuration. The first one is that the quantity of the DGD of the HiBi media should be
tunable in terms of the optical property for changing the optical delay of the split optical data pulse.
This functionality has to be realized by the pico second order. Another is that the second HiBi has to
be also tunable and the DGD should be corresponding to the first DGD of the tunable HiBi to
recombine the split optical data pulse. Therefore, the mechanism for splitting and recombining the
optical data pulse is ideally desired to be one module that realizes the tunable HiBi device and
complete compensation the delay of the pulse.

In this chapter, a novel UNI configuration employing one variable DGD generator to
control the switching gate window is proposed. A novel configuration for the bit-rate tunable
all-optical regeneration is demonstrated by the combination of the one SOA and the reconfigurable

optics with repetition rate from 10 Gbit/s to 80 Gbit/s.
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5.2 Switching principle
Figure 5-2 shows the schematic diagram of a reflection type variable DGD generator that

consists of a half wave plate (HWP), a polarization beam splitter (PBS) and a pair of movable mirrors.
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Beam splitter
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DGD A= (d2-d1)x 2]/ c

Figure 5-2: Schematic diagram of the tunable DGD generator for the bit rate tunable polarization

discriminated switch.

A linearly polarized optical pulse, which is indicated by the number “1” in the fibure, is split
into two orthogonally polarized pulses indicated by the number “2” by the difference in optical path
lengths from PBS to each movable mirror, and consequently variable DGD of At is generated. This
variable DGD generator is equivalent to a birefringent medium with variable length. To recombine
the split two pulses for the polarization switching, the split two pulses are fed into the variable DGD
generator from another port as indicated by the number “3” in the Fig. 5-2. The leading pulse passes
through the PBS and reaches to the movable mirror along the optical path indicated by d1. The

trailing pulse is orthogonally reflected by the PBS and reaches to the movable mirror along the optical
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path indicated by d2. Consequently, the time difference between the two pulses is eliminated by this

operation. Thus, the two split pulses are recombined at the output of the variable DGD generator.

<« 10ps
Input pulse
1555nm |
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Figure 5-3: Waveforms of the orthogonally polarized pulses split by the variable DGD generator.

The waveforms of the orthogonally polarized pulses split by the variable DGD generator
are shown in the Fig. 5-3. These waveforms were measured at the output port of the first optical
circulator in the Fig. 5-2. The input pulse was 2 ps wide with 10 GHz repetition rate, which was
generated by the fiber ring mode locked laser (FRML). The DGDs could be accurately controlled to

be 60 ps, 15 ps and 7 ps by changing the position of the movable mirror, which corresponded to the
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optimum switching gate windows (60 % of bit time slot) for 10 Gbit/s, 40 Gbit/s and 80 Gbit/s signals,
respectively.

Figure 5-4 shows the picture of the variable DGD generator, which consists of the solid
optics. The fiber receptor and the collimation lens were set at the left and the upper side of the picture.
The A/4 plate and the polarization beam splitter were anti-reflection coated by the multi-layered
dielectric films. The movable mirrors were high reflection coated by a gold evaporation with the
flatness less than A/10 for 1550 nm range. Under the experimental evaluation, these optics were

covered by a box for avoiding an air fluctuation.

Movable
Mirror

Figure 5-4: Top view of the optics for the variable DGD generator.
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5.3 Bit rate tunable wavelength conversion from 10 Gbit/s to 80 Gbit/s
5.3.1 Experimental setup
The schematic experimental setup for the optical regeneration with various bit-rate data is

shown in Fig. 5-5.
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Figure 5-5: Experimental setup of the tunable wavelength conversion using the tunable DGD generator.

This is the UNI configuration consisting of only one variable DGD element instead of two
separate fixed DGD elements in the conventional UNIL.  The clock pulse input into the port A was split
into orthogonally polarized pulses by the variable DGD generator when it reflected in the mirrors and
output from the port A again. The two-split clock pulses passed through the SOA, and were fed into
the port B of the same variable DGD generator. Two-split clock pulses are recombined at the output
of the port B, since the DGD between two polarizations given by the variable DGD generator from the

port A is canceled. The data signal co-propagated between the leading and the trailing pulse in the
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SOA. The relative time positions among the data pulse and the two-split clock pulses can also be
individually adjusted by the DGD generator. Consequently, only the trailing pulse was cross-phase
modulated by the data signal. When the phase shift reaches to wt, the polarization of the recombined
pulse is completely switched.

The SOA was the InGaAsP/InP bulk type with a gain peak of 1525 nm at injection current
level of 500 mA. The wavelengths of the data signal and the clock pulse were 1545 nm and 1555 nm,
respectively. The CW assist light of 1480 nm (+13 dBm) for reducing the gain recovery time of the
SOA was injected from backside of the SOA via WDM coupler which allows to combine the
wavelength of the 1550 nm range for the data signal and the clock signal and the 1480 nm for the CW
light. The clock pulses of 10 GHz, 40 GHz and 80 GHz with 2 ps pulse width were generated by
FRML with a 10 GHz repetition rate and multiplexed in optical domain. The clock powers into the
SOA were —14 dBm (10 GHz), -12 dBm (40 GHz) and —4 dBm (80 GHz), respectively. The data
pulses were generated using a combination of a CW laser and an EAM (25 ps wide) for 10 Gbit/s, and
using a FRML (5 ps wide) for 40 and 80 Gbit/s. The data pulses with 10 GHz repetition rate were
coded by an LN modulator with PRBS 2%'-1 and multiplexed in optical domain. The input powers of
the data signals into the SOA were —3 dBm (10 Gbit/s), 0 dBm (40 Gbit/s) and +4 dBm (80 Gbit/s),

respectively.

5.3.2 Experimental results
Figure 5-6 shows the eye-diagrams of the input (1545nm) and regenerated output (1555nm)
data signals of 10 Gbit/s, 40 Gbit/s and 80 Gbit/s. Clear eye-openings were obtained in 10 — 80 Gbit/s
regenerated data signals, although a slight mark level fluctuation was observed due to the word-pattern

effect on the eye diagram of the 80 Gbit/s.
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Figure 5-6: Eye diagrams of the input/output signal of the wavelength conversion.

Figure 5-7 shows the BER measurement results for 10, 40 and 80 Gbit/s regenerated signals
after demultiplexing to 10 Gbit/s. EA modulator-based demultiplexing method was employed for 40
Gbit/s (40 Gbit/s to 10 Gbit/s) and 80 Gbit/s (80 Gbit/s to 20 Gbit/s, 20 Gbit/s to 10 Gbit/s) regenerated
data signals as well as for the input data signal. The power penalties at BER equaled to 10 for 10
Gbit/s, 40 Gbit/s and 80 Gbit/s were 0.2 dB, 2.0 dB and 9.4 dB, respectively. A part of the power
penalties at higher bit rates might be attributed to the wavelength dependency of the EA

modulator-based demultiplexers, although the gain recovery time of SOA seems to be dominant factor.
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Figure 5-7: Measured BER results of the bit rate tunable wavelength conversion.

5.4 AlI-OPTICAL SIMULTANEOUS DEMULTIPLEXING
The all-optical demultiplexing is essential functionality in the high-speed photonic network.
The future high-speed optical communication will be operated more than 40 Gbit/s, which will be up
to around 100 Gbit/s. However, the electronics part of the receiving system will not be easily realized

such a high-speed circuit as well as the semiconductor detectors. Therefore, before receiving the
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optical data signal at the receiver, the bit rate should be decreased to low enough for the decision
circuit in the receiver as well as the response of the photo diode. In this chapter, a novel methodology
for simultaneous demultiplexing into two channels with half bit-rates and with equal signal qualities is
proposed. A UNI switch changes the polarization direction of the input signal light pulse depending
on the coexistence of the control signal pulse. Therefore, it is possible to achieve a simultaneous
demultiplexing by extracting both the polarization-switched and non-switched outputs of the UNI
deploying a PBS. In the following section, the proposed methodology is experimentally evaluated by
utilizing 20 Gbit/s, 40 Gbit/s and 80 Gbit/s as an input optical data signal. The qualities of the
demultiplexed signals are assessed by BER measurement with compared to the conventional
demultiplexing method using EAM. The power advantage of our proposed demultiplexer is

experimentally verified.

5.5 Principle of the all-optical simultaneous demultiplexing

As described in section four, the UNI switch realizes the switch states both on and off by
using the polarizer as shown in Fig. 3-6. The UNI switch changes the polarization of the regenerated
optical data signal due to the m-phase shift in the trailing pulse and the recombination of the split pulses.
After recombination of the split pulse, the on and the off state is obtained due to the polarization
direction of the polarizer placed at the end of the optical path of the UNI switch. Therefore, the both
states of the polarization switch can be simultaneously extracted by introducing the polarization beam

splitter as shown in Fig. 5-8.
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Figure 5-8: Schematic diagram of the simultaneous all-optical demultiplexer of the UNI switch with the

polarization beam splitter.

In this scheme, it is essential for the simultaneous extraction of the both states to make the
complete m-phase in the trailing pulse. In principle, however, all the SOA-based MZI switches
including the UNI can not only gate the incoming data signal but also fully switch if the phase shift
photo-induced in the SOA reaches 7. Therefore both the switched and the un-switched signals can
be simultaneously extracted using only one SOA-MZI all-optical switch. Nevertheless, no report has
been presented to date that experimentally verifies such a full-switching capability of the SOA-MZI
device, because it is relatively difficult to achieve an complete = phase shift with a reasonable input
power and with an exact balance of signal intensities passing through two MZI arms. The use of the
transparent assist light contributes to the reduction of the signal power required to achieve an complete
7 phase shift, and the one-arm MZI configuration of the UNI makes it easier to achieve the exact arm
balance. The uses of both states of the output signal can double the efficiency of signal

demultiplexing.

5.6 Experimental evaluation
5.6.1 All-optical demultiplexing from 20 Gbit/s into 2 x 10 Gbit/s

In this section, the proposed all-optical simultaneous demultiplexing is experimentally
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evaluated by utilizing 20 Gbit/s optical data signal and 10 GHz optical clock pulses. Figure 5-9
shows the experimental setup and the eye diagrams. The basic configuration of the UNI switch was
almost same as the previous evaluation. The DGD of each HiBi medium was 10 ps. The 20 Gbit/s
data signal was generated by 10 Gbit/s based OTDM technique with PRBS of 2°*'-1 encoding. The
input optical power of the 20 Gbit/s data signal and the 10 GHz clock pulse were 0 dBm and —3 dBm,
respectively. The half-wave plate was deployed in front of the polarization beam splitter for adjusting
the polarization direction. The optical band pass filter cut the timing clock pulse of 1545 nm. CW
assist light of 1480 nm was irradiated from backside of the SOA via optical circulator. The eye
diagrams of the 20 Gbit/s input optical data signal, 10 GHz clock pulse and clear two outputs of 10
Gbit/s data signal were shown in Fig.5-9. In the case of absence of 10 GHz clock pulses, 20 Gbit/s
optical data signal and no signal were observed from the channel 1 and 2, respectively. Figure 5-10
shows the measured BER results of the input data signal demultiplexed by the conventional 10 GHz
driven EAM as a reference and the two 10 Gb/e signals demultiplexed by the proposed scheme.
Almost the same results were observed in each 10 Gbit/s output in the BER results as well as in the eye
diagram as shown in Fig. 5-9. The power penalty of 1.2 dB at the BER of 10™ was confirmed in both
channels. The optical power of the input data signal to the EAM demultiplexer must be amplified by
EDFA up to +10 dBm for compensating the optical loss in the EAM. On the other hand, the optical
power of the input data signal to the UNI switch was around +0 dBm. These results show the
advantageous feature of the proposed scheme for the all-optical demultiplexer that is the low power
switching for the simultaneous demultiplexing by the simple configuration with compared to the

conventional optical demultiplexer using EAM with EDFAs.
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Figure 5-9: Experimental setup of the all-optical simultaneous demultiplexing by ugin UNI switch and the
polarization beam splitter. The eye-diagrams are 20 Gbit/s input data signal, 10 GHz optical clock pulse
and the output 10 Gbit/s data signals.
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Figure 5-10: Measured BER results of all-optical simultaneous demultiplexing from 20 Gbit/s to two

channels of 10 Gbit/s.

5.6.2 All-optical demultiplexing from 40 Gbit/s into 2 x 20 Gbit/s
In this section, a 40 Gbit/s data stream is simultaneously demultiplexed into two channels
of 20 Gbit/s by the UNI switch demultiplexer. Comparing to the conventional demultiplexing
method using EAM, it is verified that the demultiplexing scheme using the UNI switch has
advantages in the viewpoints of power budget and simplicity. Figure 5-11 shows the experimental
setup for simultaneous optical demultiplexing using the UNI, which consists of two rutile crystals

and an InGaAsP/InP bulk type SOA.
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Figure 5-10: Experimental setup of the all-optical demultiplexer using UNI switch. The lower diagram

schematically depicts the demultiplexing scheme for the BER measurement.

Both the 40 Gbit/s data signal and 20 GHz clock pulses were generated by 10 GHz based
OTDM technique. The optical powers of the 40 Gbit/s data signal and the 20 GHz clock pulses
injected into the SOA were -6 dBm and +1 dBm, respectively. The assist light of +10 dBm at 1480
nm was launched via optical circulator from the backside of the SOA. The PBS was employed to
extract both polarization switched and non-switched signals simultaneously. The optical power of
each demultiplexed signal was +4 dBm, which is 10 dB larger than that of input signal due to the
SOA gain. Figure 5-11 shows the eye diagrams of the signals observed at the points (A)~(D)
designated in Fig. 5-10. The eyes of both the 20 Gbit/s demultiplexed signals clearly opened as

shown in Fig. 5-11 (C) and (D). The signal quality was assessed by measuring the BER after
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demultiplexing the 20 Gbit/s output channel of the UNI into 10 Gbit/s using an EAM. The BER
measurement of the input data signal that was directly demultiplexed from the 40 Gbit/s signal into 10
Gbit/s was carried out using the same EAM as a reference.

The BER characteristics of all the four 10 Gbit/s channels are shown in Fig. 5-12. The cross bars
indicate the reference data with an input power of +7 dBm to the EAM. Error-free operations were
observed for all the channels with no error floors. The distribution of the receiver sensitivity among
four channels was within 0.5 dB. The small penalty of 1.2 dB against the EAM-based demultiplexing
method was observed because the repetition rate of 20 GHz was low enough for the EAM to

demultiplex the signal without impairment.

(A) 40Gb/s input signal 25ps/DIV

F_ JI‘JF JFJI .&; ,‘; i

(B)ZOGHZ clock

]

(C) 20Gb/s demux signal

Figure 5-11: Eye diagrams of (A) the input 40 Gbit/s data signal, (B) 20 GHz clock pulse, (C) 20 Gbit/s
demultiplexed signal of channel 1 and (D) 20 Gbit/s demultiplexed signal of channel 2.
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Figure 5-12: Measured BER results of the reference and the demultiplexed signals

5.6.3 All-optical demultiplexing from 80 Gbit/s into 2 x 40 Gbit/s

The UNI orthogonally switches the polarization angle of the input signal pulse owing to
cross phase modulation generated by the control pulse. Therefore, it is possible to achieve a
simultaneous demultiplexing by extracting both the polarization-switched and non-switched outputs
of the UNI through a PBS with no power sacrifice. In this section, the all-optical simultaneous
demultiplexing is applied for 80 Gbit/s data signal. A large advantage in power budget is expected in
this method in comparison to an EAM-based demultiplexing because the EAM-based demultiplexing
method requires intrinsically power-splitting loss. Consequently, an EDFA is required to insert in

front of a receiver for the loss compensation, resulting in the increases of complexities as well as
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system cost, and accumulation of additional ASE noise. For example, in the case of demultiplexing
from 80 Gbit/s data into eight channels of 10 Gbit/s, it is required a one-to-eight power splitter which
has inherent 9 dB loss and eight sets of an EAM, an EDFA and an optical band pass filter as shown in
Fig. 5-13. In this configuration, the optical power of unselected channels is absorbed and wasted in
each path after the splitting. On the other hand, the demultiplexing from 80 Gbps to eight channels of
10 Gbps by the UNI can be completed by concatenated three-stage UNI's with PBS's as shown in Fig.
5-14. No EDFA is required because of the SOA gain in the UNIL. In an ultra high-speed optical
communication, the low power operation is important feature for the actual system since the intensity
of the optical data signal become the half of the 40 Gbit/s system due to the limitation of the average

power fed into the fibers.

<5 3dB coupler

EAM | EDFA » | )

A EAM EDFA » 1
80Gb/s

4> . .
Input data | | >~ 8sets

EAM | EDFA » |

Absorption loss: 1/8 = 9dB
-3dB x 3 (Other channels power are disposed)

1L

Total splitting loss = 9dB

_

Figure 5-13: Schematic diagram of the demultiplexing scheme of EAM.
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Figure 5-14: Schematic diagram of the demultiplexing scheme of UNI switch and the PBS.

The experimental setup for single-stage simultaneous optical demultiplexing using the UNI
switch, which consists of two polarization-maintaining fibers (PMF) as a birefringent devices and an
InGaAsP/InP bulk type SOA, is shown in Fig. 5-14. The polarization mode dispersion of the PMF
was 6 ps, which corresponded to the half of the time slot of the 80 GHz. Both the 80 Gbit/s input data
signal and 40 GHz clock pulses were generated by 10 GHz based OTDM technique. The optical
powers of the 80 Gbit/s data signal and the 40 GHz clock pulses fed into the SOA were -5 dBm and +3
dBm, respectively. The transparent assist light with an input power of +10 dBm at 1480 nm, which
was launched via optical circulator from the backside of the SOA, contributed to the reduction of the
gain recovery time of the SOA from 160 ps to 40 ps as described in the chapter 4. Note that the
smallness of the input 80 Gbit/s data signal was realized by the gain clamping effect owing to the
transparent CW assist light. The PBS was employed to extract two orthogonally polarized signals

simultaneously, which are both polarization switched and non-switched signals in the UNI. The
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optical power of each extracted signal was about +1 dBm owing to the SOA gain. The output signal
from the PBS was demultiplexed from 40 Gbit/s to 10 Gbit/s by an EAM-based demultiplexer for BER
measurement as shown in the lower schematic diagram of Fig. 5-16. The reference BER of the 80
Gbit/s input data signal was also measured after demultiplexed by two cascaded EAM-based
demultiplexers (80 Gbit/s to 20 Gbit/s, 20 Gbit/s to 10 Gbit/s). An EDFA and an optical band pass

filter were set after each EAM in the EAM-based demultiplexer.
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Figure 5-15: Experimental setup of all-optical demultiplexer using the UNI switch and PBS. The lower

schematic diagrams show the demultiplexing scheme of the UNI switch and the conventional EAM

demultiplexing as a reference.

Figure 5-16 shows the eye-diagrams of (a) the 80 Gbit/s input signal, (b) the 40 GHz clock

pulses, (c¢) demultiplexed switched 40 Gbit/s signals and (d) non-switched 40 Gbit/s signals. The

clear eye-openings were observed for all the channels.
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Figure 5-16: Eye diagrams of the 80 Gbit/s all-optical simultaneous demultiplexing.
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Figure 5-17: Measured BER results of the all 10 Gbit/s demultiplexed channels from 80 Gbit/s data signal

by UNI switch based demultiplexer and the EAM based conventional demultiplexed 10 Gbit/s signal as a

reference.

Figure 5-17 shows the BER measurement results as a function of the received power for all
the channels demultiplexed by the UNI switch. Each open and closed mark indicates the 10 Gbit/s
demultiplexed signals extracted from the channel 1 and 2 of the output from the UNI switch,
respectively. The solid line indicates the reference BER result of the 10 Gbit/s demultiplexed signal
by using the cascaded EAM. Little differences less than 1 dB in BER results among all the
demultiplexed channels indicate that orthogonal polarization was switched perfectly in terms of the
switching balance. This result shows, in other words, the m-phase shift can be completely achieved in
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the UNI switch. Note that they were also somewhat improved from the reference case of EAM-based
demultiplexing, resulting that the power penalty of the UNI-based demultiplexing from 80 Gbit/s data
signal into two channels of 40 G/s data signal is observed to be negligible. From those results, the
induced power penalty should be estimated only 2.0 dB if the three stages of the cascaded UNI-based
demultiplexing architecture are utilized to demultiplex the 80 Gbit/s data signal into eight channels of
10 Gbit/s data tributaries. On the other hand, EAM-based demultiplexing intrinsically requires
power-splitting loss of 9 dB to complete all the eight channels to be demultiplexed. The difference in
power budget can be estimated as large as 7 dB. The advantage of the UNI switch based all-optical
demultiplexer in power budget was obviously proved by these results. Moreover the simplicity of the
configuration and the cost-effectiveness with regard to the EDFA-less feature of UNI-based

demultiplexing methodology should also be recognized.

5.7 Conclusion

In this chapter, the significance of bit rate tunable functionality of the wavelength
conversion device and the novel scheme were described. The bit rate tunable scheme for the
all-optical regeneration utilizing the combination of an SOA and one variable DGD generator, which
was constructed by using free space optics, was proposed and experimentally evaluated. The
all-optical regenerative wavelength conversions were successfully demonstrated at bit rates of 10
Gbit/s, 40 Gbit/s and 80 Gbit/s. The proposed bit-rate tunable configuration can be promising
method for a high-speed all-optical regenerator in the flexible transparent photonic network.
Moreover, the novel methodology for the all-optical simultaneous demultiplexing by using the UNI
switch with the transparent CW assist light and the PBS were proposed and experimentally evaluated.

The bit-rates of the tested signals were 20 Gbit/s, 40 Gbit/s and 80 Gbit/s. In the all cases, the
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capabilities of the all-optical simultaneous demultiplexing that were from 20 Gbit/s into two channels
of 10 Gbit/s, from 40 Gbit/s into two channels of 20 Gbit/s and from 80 Gbit/s into two channels of 40
Gbit/s were successfully demonstrated by the eye diagram evaluation and the BER measurement. In
the all BER measurements, error-free operations with no error floors were confirmed.

The receiver sensitivity in the 40 Gbit/s application, of which the distribution among the
four channels was within 0.5 dB, was comparable to the reference data of direct demultiplexing by an
EAM’s, which verifies the signal quality was not changed after simultaneous demultiplexing. The
high efficiency of demultiplexing is attributed to the full-switching capability of the SOA-MZI device,
which was experimentally proved. The simultaneous demultiplexing from 80 Gbit/s data signal into
two channels of 40 Gbit/s data signal was successfully demonstrated. The BER of all the eight
channels of 10 Gbit/s demultiplexed by this proposed method were measured, and error-free operation
with no error floors for all the channels were confirmed with received power variation less than 1 dB.
No power penalty was also observed comparing to the conventional demultiplexing method by two
stages of EAM. The three-stage cascaded UNI-based demultiplexers were estimated to have a
significant power-budget advantage of 7 dB in comparison to the conventional EAM-based ones.
These results indicated that the proposed scheme is an attractive method for a high-speed all-optical

demultiplexing.
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CHAPTER 6 CONCLUSION

This dissertation described that the ultra-high-speed all-optical signal processing based on
an SOA with the CW assist light through chapter one to five. Chapter one expressed the overview of
the optical fiber communication technology and the recent demand for the ultra-high-speed optical
communication due to the rapid increase of the packet-centric services not only for the enterprise
customer but also for the residential one. Section 1.1.1 and 1.1.2 expressed the abstract of the
all-optical regeneration schemes that were the 2R and the 3R regenerations, and the other applications
of the all-optical signal processing, respectively. Section 1.2 described the importance of the
all-optical regeneration in future optical networks. The objectives of investigation of the all-optical
2R regeneration, which realizes the re-shaping and the re-amplification, and the all-optical 3R
regeneration, which realizes the re-timing functionality in addition to the 2R regeneration were
described in part 1.2.1 and 1.2.2, respectively. Section 1.3 expressed the applications of the ultra
high-speed signal processing. In the section, the bit rate tunable wavelength conversion and the
all-optical simultaneous demultiplexing were expressed in section 1.3.1 and 1.3.2, respectively.

Chapter 2 proposed and evaluated the new methodology of the ultra-high-speed saturable
absorber by using the nonlinear absorption phenomena in the SOA with the CW assist light. The
device parameters of the saturable absorber were considered by the experimental evaluation and
numerical calculation using the measured results in the section 2.2 and 2.3. The proposed novel
scheme for reducing the absorption recovery time by using the CW assist light was experimentally
investigated in section 2.4. The effectiveness of the all-optical 2R regeneration by the SA with the
CW assist light was experimentally investigated using 5 Gbit/s NRZ signal and 10 Gbit/s RZ signal in
section 2.5 and 2.6, respectively. These results indicated that the simple 2R regeneration could be

realized by this proposed method for the ultrafast optical communications.
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Chapter 3 proposed the gain clamping effect for an SOA by the CW assist light and ultrafast
polarization discrimination switch based on the one-arm Mach-Zehnder interferometer with the gain
clamping effect. Section 3.2 described the effectiveness of the gain clamping effect by experimental
evaluation. Especially, direct amplification of the 40 Gbit/s or the 80 Gbit/s optical data signal was
successfully demonstrated by the SOA with the CW assist light. The UNI switch consists of the TiO,
rutile crystalline as HiBi media was proposed in section 3.3. By introducing the CW assist light to the
SOA in the UNI switch, the high-speed response of the switching and the low power operation were
realized simultaneously. To evaluate the feasibility of this proposed methodology, the regenerative
wavelength conversion was demonstrated at 40 Gbit/s and 80 Gbit/s. Especially, at the 40 Gbit/s
regenerated data signal showed the advantage of the CW assist light compared to the conventional
holding beam effect in the power budget. The error-free operation without error-floor was observed
in the results of the wavelength conversion at the 40 Gbit/s repetition rate. Even though the 80 Gbit/s
repetition rate, the error-free operation was successfully achieved. The proposed method for the ultra
high-speed all-optical 3R regeneration could be the candidate for the future high-speed photonic
networks.

Chapter 4 described the operational tolerance of the UNI switch based 3R regenerator and
its regeneration capability by using the intentionally impaired signal at the repetition rate of 40 Gbit/s.
The advantage of the bit-inverted regeneration was described in section 4.2. The operational margin
of the UNI switch was experimentally evaluated by changing the device parameters and the system
parameters that were the pulse width of both the data signal and the clock pulses, the DGD of the HiBi
media and the relative position of the data signal between the split clock pulses. The operation
margin more than 2 dB against the condition change was confirmed in each case. Moreover, the
distinct regeneration capability was also demonstrated by changing the condition of the optical signal
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degradation. An amplified spontaneous emission noise generated by an EDFA and a timing jitter of
the optical data signal were intentionally lapped over the optical data signal. The expansion of the
threshold voltage window was observed as large as two times of the original result. The
improvement of the Q value and the attainable BER were confirmed in the impaired input data signal
by ASE noise, the timing jitter and the doubled degradation of those factors. These results proved
that the UNI switch based all-optical 3R regenerator could be applied for the future 40 Gbit/s
all-optical networks.

Chapter 5 proposed the novel scheme for the bit rate tunable all-optical regeneration by
using the combination of the SOA and reconfigurable optics. Section 5.2 expressed the operation
principle of the variable DGD generator based polarization discrimination switch. The orthogonally
split pulses with expected time difference could be generated by the variable DGD generator with
simple operation. The bit rate tunable wavelength conversion was demonstrated at 10 Gbit/s, 40
Gbit/s and 80 Gbit/s using the almost same configuration of the devices excepting the bit rate of the
local optical clock pulses in section 5.3. Error-free operation was confirmed in each bit rate. This
proposed method could be promising technique for the flexible photonic networks. The all-optical
simultaneous demultiplexing functionality by using the combination of the UNI switch and the
polarization beam splitter was also proposed and successfully demonstrated in this chapter. Section
5.5 expressed the operation principle of the simultaneous demultiplexer. By introducing the CW
assist light to the UNI switch, the complete w-phase shift was realized in the SOA as well as the low
power operation. The all-optical simultaneous demultiplexing into the half bit rate was successfully
demonstrated from 20 Gbit/s, 40 Gbit/s and 80 Gbit/s as described in section 5.6.

I would like to conclude that the proposed schemes for the all-optical 2R regeneration, the
all-optical 3R regeneration, the bit rate tunable all-optical wavelength conversion and the all-optical
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simultaneous demultiplexing were promising techniques in the future all-optical communication

systems.
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