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Abstract

This thesis focuses on the architecture and system perspective of optical cross-connect
Systems using semiconductor optical amplifiers. The work includes architecture study,
system performance analysis, simulation, and experimental investigations.

Optical cross-connects are promising for future large capacity switching systems and
cross-connect systems in high-speed transport networks. To conmstruct large capacity
Cross-connect systems using presently available technologies, multi-dimensional optical
cross-connects are explored. A novel architecture using wavelength-division and space-
division multiplexing techniques is proposed, where the wavelengths of WDM are
effectively reused and the size of space switches is dramatically reduced. Conceptual
designs are presented to show the feasibility of its implementation. As for the system
performance, homo-wavelength crosstalk from space switches is identified as a main
degradation factor. The performance is further investigated with Gaussian approximation
of signal-crosstalk beat noise for a reasonably large size (64 x 64) cross-connect as a high-
speed switching core. It is shown that a 64 x 64 cross-connect can be constructed with 4-
wavelengths WDM and 16 x 16 space switches using presently available technology. Also,
a 4x4 optical cross-connect based on the proposed architecture was experimentally
demonstrated.

Performance degradation due to homo-wavelength crosstalk in multi-wavelength
optical networks using dynamic wavelength routing is addressed. Enhanced crosstalk
degradation due to ASE noise of optical amplifiers is identified for the first time.

Mechanisms and classification of homo-wavelength crosstalk are further investigated
comprehensively. To analyze homo-wavelength crosstalk implications on system
performance, a theoretical model based on moment generating functions (MGF) is
presented. Further, the saddlepoint approximation is employed to evaluate the power
penalty with the MGF of the received signal. The evaluation results Jjustify the estimation
of the required crosstalk ratio calculated with the Gaussian approximation for a large



number of crosstalk channels (N > 4). Several experiments were carried out in order to
verify the theoretical analysis and study the effect of wavelength alignment between the
signal and the crosstalk. A good agreement is achieved between the analysis and
experiments. The wavelength range for generating homo-wavelength beat noise is found
around 0.05 nm for a 1 Gb/s directly-modulated signal.

As primary optical switching components in the proposed cross-connect system,
semiconductor optical amplifiers (SOAs) are investigated in various aspects. The available
SOAs are tested and characterized for switching application. They perform very well in
terms of polarization insensitivity and contrast ratio. As for system applications of SOAs,
an input dynamic range of SOAs is studied experimentally and further simulated
numerically. An input dynamic range can be over 20 dB for a single-stage SOA system and
over 10 dB for a three-stage SOA system at 1 Gb/s. The simulation shows a signal bit rate
can be up to 20 Gb/s with a reasonable input dynamic range. By using a wide optical
bandwidth of SOAs, we propose to construct bi-directional cross-connects using
semiconductor optical amplifiers. The feasibility of bi-directional cross-connection using
SOAs is confirmed experimentally at a bit rate of 1 Gb/s. The maximum input power,
however, is limited due to the cross-gain modulation, particularly for multi-stage SOA
systems.
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1. Introduction

1.1 Motivation

A significant trend in today's telecommunications makes the network bandwidth so
demanding. This is, the introduction of broadband integrated service digital networks (B-
ISDN) [1]. B-ISDN is designed as an information infrastructure to integrate all
telecommunication services in one common network so as to reduce the cost of
construction, operation and maintenance by avoiding use of one network for each service.
Asynchronous transform mode (ATM) [2] has been adopted as the standard multiplexing
technique for B-ISDN. With ATM, information from each service is broken into many
ATM cells (53 bytes) and then statistically multiplexed with information from other
services. ATM switches are used in the network to switch ATM cells to their destinations
where ATM cells are recombined into the original information. Successful implementation
of future B-ISDN will strongly depend on the optical technologies in two respects: ultra-
high capacity transport networks and very large ATM switching systems.

Optical fibers as a kind of information medium have achieved great success with their
very low loss, low dispersion, and ultra-wide bandwidth ( ~25 THz). Operation cost of
long-distance carriers has been dramatically reduced since high-speed digital optical fiber
transmission systems based on the SONET/SDH (Synchronous Optical NETwork
/Synchronous Digital Hierarchy) [3] standard were introduced. To accommodate
continuously increasing demand for bandwidth and flexibility, the networks are being
enhanced by deploying more fibers, adding more wavelength channels or increasing the bit
rate of each channel, and meanwhile by upgrading the switching size, throughput and
functionality.

In addition to the application of optical technologies in transmission, photonics will
also play an important role in telecommunication switching. By using photonics, the
electronic bottlenecks, such as clock skew, waveform distortion due to electromagnetic
induction and R-C time constants of circuits, and Limit of interconnection, could be



avoided in broadband high-capacity switching systems [4, 5]. Due to lack of effective
optical logic functional devices, the best high-capacity switching approach would be an
effective combination of photonics and electronics. Therefore, photonic switching will be
first successfully used for optical cross-connection and interconnection within broadband
switching systems [6, 7, 8].

According to the applications, optical cross-connects can be classified into two main
categories: one is for optical networking in which optical cross-connects are used to set
optical paths such as wavelength paths in WDM networks [9, 10). Using optical cross-
connects, optical networks can be very flexible to respond to traffic changes and to
recover networks from a disaster. Another application is for switching or digital cross-
connect systems in which an optical cross-connect is used as a high-speed switching core
[6, 7]. In high-speed optical transport networks, such as SONET OC-192 (10 Gb/s),
optical cross-connects can be more efficient to handle large traffics than electronic ones.
As an internal switching core, the optical cross-connect can significantly benefit ATM
switches to reduce their complexity. Optical cross-connects can have a very-high internal
line rate (say 10 Gb/s) without any electronic bottlenecks, and provide signal format
transparency. In addition to the above applications, optical cross-connects are also very
desirable to interconnect Super-computers or high-performance paraliel computers.

There are four kinds of optical division techniques which can be used for optical cross-
connections: wavelength division multiplexing (WDM), space division multiplexing
(SDM), time division multiplexing (TDM), and code division multiplexing (CDM). The
first two division multiplexing techniques have the potential to be transparent to signal
formats and bit rates, while the last two techniques only work for specific signal formats.
The size and capacity of cross connects based on a single one of these techniques are very
limited due to technological constraints. Multi-dimensional (division multiplexing) optical
Cross-connects are exploited to take advantage of each different technique to increase the
connectivity and relieve technological constraints on the components.

We were motivated to exploit multi-dimensional techniques for optical cross-connect
systems with existing technologies and to investigate associated problems which would



limit the system performance. From the review of optical cross-connect architectures and
related technologies in the next chapter, we can see that the combination of wavelength

division and space division techniques can be a very promising approach to construct high-
capacity optical cross-connect systems. Our research efforts have been concentrated on
the following aspects of optical cross-connect systems:

L.

Effective cross-connect architecture for ultra-high speed switching cores employing
wavelength division and space division techniques and its system performance;

Crosstalk impact on the performance of cross-connect systems with wavelength reuse,
particularly degradation due to homo-wavelength crosstalk:

Switching applications of semiconductor optical amplifiers in cross-connect systems,
and their transmission performance.

1.2 Contributions

The contributions of the thesis are listed as follows:

We proposed a new optical cross-connect architecture using wavelength-division and
space-division techniques. Wavelengths are effectively reused and the size of space
switches is dramatically reduced. The architecture was reported in [11, 12].

The system performance was analyzed as the proposed cross-connect is used as a
high-speed switching core. The main factors degrading the performance were
identified. Required crosstalk ratio of space switches were calculated for a 64 x 64
cross-connect at a line rate of 10 Gb/s. The analysis and results were reported in [13,
14].

We experimentally demonstrated a 4x 4 optical cross-connect based on the proposed
architecture in terms of switching functions with available components.

We evaluated the performance degradation due to homo-wavelength crosstalk in

multi-wavelength optical networks employing dynamic wavelength routing. It was
identified that the impact on performance is intensified by the ASE noise. The results

were reported in [15].



5. We further carried out theoretical analysis of the performance implications of homo-
wavelength crosstalk. The moment generating function (MGF) with the saddlepoint
approximation is used to accurately evaluate the power penalty. Also, the crosstalk
impact was investigated, experimentally. We showed a good agreement between the
calculated and experimental results.

6. Optical switching systems employing semiconductor optical amplifiers were simulated
and experimentally investigated. Dynamic range of input signals versus injection
currents and signal bit rates were investigated. Simulation results are in a good
agreement with the experimental results.

7. We carried out, for the first time, a bi-directional cross-connection experiment. It
shows the feasibility of constructing bi-directional cross-connects using SOAs. The
results were reported in [16].

1.3 Outline of the Thesis

The rest of the thesis is organized as follows:

In Chapter 2, we present a review of the development of optical networking and
switching. Optical cross-connect architectures and enabling technologies are discussed in
detail. Optical cross-connect architectures based on different multiplexing techniques are
discussed. We underline the cross-connect applications of WDM and SDM and their
combination because of the potential for providing signal transparent paths. We also
review enabling devices for realizing WDM and SDM-based optical cross-connects.

In Chapter 3, we present a novel optical cross-connect architecture based on WDM
and SDM. Conceptual designs for its implementation are discussed. In Chapter 4, we
analyze the system performance of the proposed optical cross-connect as a high-speed
switching core. Main factors limiting the system performance are identified. The bit error
rate and power penalty are evaluated numerically for a 64 x 64 cross-connect system. To
further prove the switching functions, an experimental demonstration of a 4x 4 optical
cross-connect is presented in Chapter 5.



In Chapter 6, we investigate the performance degradation due to homo-wavelength
crosstalk in multi-wavelength optical networks using dynamic wavelength routers. Impact
of homo-wavelength crosstalk on the system performance is further studied analytically
and experimentally in Chapter 7. The saddlepoint approximation method for BER
evaluation is described in detail. Calculated results are compared with those from the
experiment.

In Chapter 8, we briefly introduce the fundamentals of semiconductor optical
amplifiers. Gain and noise characteristics are described in detail. Test results for available
semiconductor optical amplifiers are also presented. In Chapter 9 we first present
transmission experiments on SOA-based systems. Then we discuss the simulation model
and results. Main discussions are concentrated on the input dynamic range of SOA-based
switching systems. In Chapter 10, we report our experimental study of a WDM-based bi-
directional cross-connect system using semiconductor optical amplifiers.

Finally, in Chapter 11 we summarize our research and present our suggestions for
future work. -



2. Overview of Optical Cross-Connect
Architectures and Technologies

2.1 Introduction

An efficient application of photonics in switching would be infrequent and relatively
slow switching of ultra-high bit-rate signals. Switching should be controlled by electronics
and has not to be synchronized to the bit streams being switched. This optical switching
system is a cross-connect system. There are two applications where optical cross-connects
are likely to be used in telecommunication switching systems: cross-connects for SONET
transport networks and internal cross-connects within large ATM switches [6, 7].

In the following sections, we will first discuss the development of optical networks,
particularly optical transport networks and multi-wavelength optical networks, and optical
(photonic) switching. It will be pointed out where and how optical cross-connects can play
their roles. Then, we review optical cross-connect architectures for multi-wavelength
optical networks and for switching cores. Multi-dimensional optical cross-connects are
underlined for their potential applications in the future. Enabling technologies for optical
cross-connects are then discussed in order to understand their strengths and limitations.

2.2 Development of Optical Networks and Photonic Switching
2.2.1 Optical Transport Networks

An entire telecommunication network can be divided into two components 17, 18): a
transport network and a service network. The transport network is responsible for moving
information among geographically remote users and equipment locations such as central
exchanges, and relaying packets through switching nodes. The service network may
consist of many different sub-networks, each of which is dedicated to a specific service.
Obviously, the service network is service-dependent. In contrast, the transport network
should be capable to support many different services simultaneously.



The present realization of the optical transport network is based on high-speed optical
transmission and advanced digital transport technologies. A digital transport node can be a
SONET digital cross-connect or add/drop multiplexer or an ATM cross-connect
depending on the muitiplexing modes used in the network. It has been shown that the use
of ATM to create virtual paths can simplify the cross-connect node architecture and
reduce the cost of the node and transmission, but require a high-capacity ATM cross-
connect system with a high-speed line interface (say 2.5 Gb/s) [18].

With the rapid increase in broadband services, the transport capability of the existing
transport networks will become very limited in the near future, Optical technologies have
been recognized to be critical to greatly enhance the capacity and flexibility of the optical
transport network. Two possible approaches are highlighted here: One is using optical
cross-connects or photonic switches to enhance existing electronic digital cross-connect
systems. This would be a more smooth approach to considerably increase the transport
capacity as ultra-high speed SONET (210 Gb/s) transmission systems are deployed.
Optical cross-connects are used as switching cores for ultra-high speed SONET digital
cross-connects or ATM cross-connects. Photonic packet switches may also be directly
used for ATM cross-connects. Although optical-to-electrical (E/O) and electrical-to-
optical (O/E) interfaces might be applied at the input and output ports, most of the
problems encountered in high-speed electronic switching systems will be avoided. It
should be noted that, an electronic digital cross-connect system (DCS) may also be
included in this optical transport node to complement the optical cross-connect in order to
accomplish some grooming and sorting functions. This is considered as the first likely
application of photonic switching [4, 7).

Another future-proof approach is introducing an optical path layer in the transport
network hierarchy by using WDM [19, 20]. This kind of optical network is often referred
to as a multi-wavelength optical network. The basic idea is using different optical
wavelengths through wavelength routing to create service-independent optical paths.
Some possible architectures for these networks will be briefly discussed in the next
section. The main benefits using the optical path layer include: transmission capacity
enhancement with effective use of the optical fiber bandwidth, simplification and
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throughput increases of cross-connect nodes, flexible service provisioning, and a complete
all-optical platform for various transmission applications including analog transmission.

2.2.2 Multi-wavelength Networks

Multi-wavelength networks have been studied extensively last few years[9, 21, 22,
23]. They can be classified into two categories: broadcast-and-select networks, and
wavelength routing networks. Each of these can be further classified into single-hop and
multihop networks [10].

In a broadcast-and-select network, the optical signal from each network node is
broadcast to all the nodes in the network. The desired signal is extracted from all the
signals at the receiver. To access a node, either tunable filters or tunable lasers or both are
utilized at the transmitters or receivers. In packet-switched networks, the tuning speed of
the transmitters or receivers must be fast enough so that the wavelength can be tuned
between successive packets. To support efficient packet switching along with a large
number of network nodes with the single-hop approach, we must have either lasers or
filters tuning rapidly over a wide wavelength range with a high selectivity. The limitations
on tuning speed and range, say of component tunability, is a problem. Before rapidly and
widely tunable devices become available, single-hop broadcast-and-select networks are
only suitable to circuit-switched or small-size high-speed packet switched networks. To
realize a packet-switched single-hop broadcast-and-select network, an efficient media-
access control (MAC) protocol is required to coordinate the transmission between various
network nodes. Many MAC protocols have been proposed and their performance has been
compared in [10, 24] with respect to processing requirements, transmitting schemes,
network throughput, synchronization, and available number of channels.



Optical cross-connect

@ Access node A

Figure 2.1: Multi-wavelength routing network.

Several problems are associated with broadcast-and-select networks. The first is a lack
of wavelength reuse. There are at least as many wavelengths as the number of nodes in a
broadcast-and-select network unless there is time-, space- or code-division multiplexing
on a wavelength. As pointed out above, the wavelength tunability will ultimately limit the
size of these networks. Another problem in the networks is the inherent splitting loss.
Unlike an electrical signal, to broadcast an optical signal to all the nodes, the optical
power has to be distributed to all the nodes. Each node receives only a small fraction of
the transmitted power. Although optical amplifiers can be used to improve the power
budget, the inherent splitting loss in a large broadcast-and-select network is still a main
problem. From networking point of view, lack of scalability of the broadcast-and-select
networks limits their use to optical LANs or MANS. It is hard to have a star-based WAN
with thousands of users.
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Figure 2.2: (a) Architecture of a static

matrix.

Wavelength routing networks have the potential of avoiding the three aforementioned
problems in broadcast-and-select networks. In a wavelength routing network, there are
many access nodes which send and receive signals, and some WDM cross-connects which
set interconnections between access nodes. At any time, each connection between a pair of
access nodes is camried by a certain wavelength. As long as the path of any two

optical routing node. (b) wavelength routing
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connections do not overlap, they can be on the same wavelength. This results in a
tremendous reduction in the number of required wavelengths for network
interconnections. Figure 2.1 shows an architecture of multi-wavelength routing networks
and illustrates how the wavelengths can be reused. With specific topologies, the number of
wavelengths required to support one connection per node with an acceptable blocking
probability can be very reasonable [10]. However, with arbitrary topologies, in a non-
reconfigurable routing network with N nodes, at least JN wavelengths are required to
support one connection per node without any blocking [25]. With ideal components, a
path between a source and a destination can be loss-free since there is no inherent splitting
loss. However, amplifiers may still be required to overcome excess losses in the routing
nodes and the fiber links, -

A routing node is primarily a WDM cross-connect which is either static or dynamic.
Figure 2.2 shows the structure of a 4 x 4 static WDM cross-connect [26, 27]. At each
input port, we have four incoming wavelengths which are spatially separated by using a

K wavelength demultiplexer. The intemal connections are made so that different wavelengths

from different input ports can be multiplexed into a single output fiber. It should be noted
that the internal interconnection can be in many patterns [27] provided there is no same
wavelength going to an output port. This static wavelength routing can meet the need of
networks well when traffic distribution among the nodes is uniform.

With non-uniform traffic among access nodes, it is very desirable to dynamically
change the wavelength routing pattems in order to respond to traffic changes. To
dynamically route wavelengths, we can introduce space switches in optical routing nodes,
as shown in Figure 2.3 [10, 27). After demultiplexed, the signals at the same wavelength
from different input ports are sent to a (N +1)x(N +1) space switch where the signal
channels are switched according to present traffic patterns. Then, signals from different
space switches are multiplexed into an output fiber. The introduction of space switches in
optical routing nodes invites homo-wavelength crosstalk [28, 29] which is accumulated
through routing as the signal travels. Two mechanisms can make the homo-wavelength
crosstalk be a very serious degrading factor to the end-to-end transmission performance.
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These are crosstalk-signal beat interference and crosstalk-ASE (amplified spontaneous
emission) beat noise to be discussed in Chapters 6 and 7.

Another approach to realize a dynamic routing node is using tunable acoustic-optic
tunable filters (AOTF) to construct a cross-connect [27, 30]. The basic AOTF function is
multi-wavelength exchange-bypass. The exchanged wavelengths are selected and
controiled by RF drive signals injected into a surface acoustic transducer on the filter. With
this basic wavelength exchange-bypass element, a large wavelength routing network can
be constructed with a variety of space switch structures such as the Benes network [31].
The size of cross-connection networks will be mainly limited by the crosstalk of each
AOTEF device, to be discussed in Section 2.4.5.

Wavelength routing networks have a high scalability from local to global coverage, a
good modularity, and a high survivability. With these features, they will become the base
of future all-optical transport networks [9). For realization, there are many technological
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constraints from related devices. For example, we need fast and wide tuning laser sources,
fast tuning and high resolution wavelength-selective switches. High-performance
wavelength converters are also necessary to make truly scaleable wavelength routing
networks [32, 33]. The benefits of wavelength-routing networks are obtained at the cost
of hardware and complexity of the network control.

In wavelength routing networks, wavelength assignments between access nodes have
to be made globally so that there is no wavelength blocking in any links. The global
wavelength assignment restricts efficient reuse of wavelengths among links and needs long
and complex algorithms since the traffic pattern of the whole network must be dynamically
monitored. Similar to the virtual path in ATM networks, an optical virtual wavelength path
(VWP) concept is proposed [20]. In the VWP scheme, wavelengths are assigned on a
link-by-link basis. In other words, the wavelength assigned to a path has only local
significance. By using the VWP scheme, the number of wavelengths in a network can be
further reduced, wavelength assignment can be simplified, and a large latency for
reconfiguration can be avoided. However, the wavelength converters have to be used to
transfer the opucal signal at a wavelength to another wavelength in optical routing nodes.
With the lack of effective wavelength converters, the optical transparency will be partially
lost in VWP-based networks.

An alternative approach to avoid the problem of device tunability is using multihop
packet-switched networks [34, 35]. This approach can be applied to centralized networks
as well as distributed networks. In a multihop network, each station uses a small number
of fixed-tuned optical transmitters and receivers but at unique wavelengths. A transmit
Packet can only be directly received by those nodes that have a receiver tuned to one of
their transmit wavelengths. To reach other network nodes, the packets have to be routed
through intermediate nodes, where the optical signal is received and its headers are
decoded, and then it is re-transmitted on an appropriate wavelength to the destination.
Over a physical topology of a muitihop network, there is a logical topology which
determines the actual connections between access nodes. A main research issue in
multihop networks is how to minimize the average number of hops between a source node
and a destination node since a significant portion of the network capacity is wasted at
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intermediate nodes [10]. Several routing algorithms have been studied for the uniform
traffic distribution in regular logical topologies such as a shufflenet or a de Bruijn graph
[35]. In contrast to single-hop wavelength routing networks, multihop networks may have
large transit time latencies and the network throughput is reduced by a factor of at least
the average number of hops. Another disadvantage is lack of optical transparency in the
networks. The electronic processing of signals will invite the electronic bottlenecks due to
retransmission of signals at intermediate nodes, which ultimately limit the network
performance.

2.2.3 Photonic Switching

In a broad sense, photonic switching can be classified as photonic circuit switching and
photonic packet switching as its electronic counterpart. With respect to switching
techniques, photonic switching can also be categorized into space division switching, time
division switching, wavelength division switching, and optical code division switching.

As for circuit switching, photonic switches primarily are dynamically reconfigurable
optical cross-connects based on different path routing techniques. The reconfiguration
time interval can be from microseconds to several hours in response to traffic changes.
Depending on applications, the structures of photonic circuit switches can be very
different. For example, small-size low-speed switches can be used for fault protection,
while high-speed cross-connects should be fast and large enough to deal with fast traffic
change. Even though, the techniques for optical cross-connections discussed in the
following section can be applied to both. On the other hand, photonic packet switching
fabrics could also be thought of as optical cross-connects with a fast reconfiguration speed
enough to respond to each packet. For packet switching, buffering is necessary for
temporary storage of packets as output contention happens, while buffering could be
avoided in circuit switching.

Due to a lack of all-optical logical control, most of the proposed photonic switches
use electronics for switching control. In these switches, optics and electronics are
effectively combined to realize a broadband photonic switch [36, 37]. The switching speed
of photonic switches is determined not only by the switching time, but also the processing
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time required to determine the appropriate state of the switch. Thus, a guard time is
required for most of photonic switches. In photonic packet switching systems [5, 38, 39,
40), particularly photonic ATM switches, buffering takes place either at the input side or at
the output side or at both sides. Unfortunately, there is no effective optical memory for
packet storage as that in electronics. The only practical device available for optical
buffering is the optical fiber delay line through which optical packets can be sequentially
delayed or circulated [39]. Sequential fiber delay lines do not scale well for a large number
of required delays. An optical fiber loop buffer is limited by accumulated ASE through the
loop [41].

By using WDM, packet routing and buffering can be effectively combined, and the
physical size of the buffers can be reduced. A good example is a photonic ATM switch
architecture proposed by Gabriagues and Jacob [40, 42]. The routing fabric is a star
coupler based wavelength routing structure. A set of sequential fiber delay lines are
shared by ATM cells at different wavelengths. A space switch is employed to select
different delay lines for buffering. A generic architecture using sequential fiber delay lines
called “staggering switch” was proposed and discussed in [43].

In addition to SDM and WDM techniques, other techniques such as optical TDM and
optical CDM have also been investigated for photonic switching [44, 45]. To realize TDM
or CDM based photonic switching, we need some components which are not conveniently
available. These include ultra-short pulse optical sources, nonlinear optics and optical
logic, and time-division self-routing optical techniques. TDM may somehow be used in
photonic switching systems when relevant technologies are available. CDM-based
photonic switching is more complex to use in packet switches. However, these can be
conveniently used as circuit switches in optical LANS. It appears that, only wavelength
and space division switching makes use of the bandwidth in a way commensurable with
the bandwidth of optical medium.

With presently available technologies, photonic switching can be applied to optical
cross-connections without optical buffering [46, 47]. By using an ultra-high internal line
rate, optical cross-connects can simplify the internal interconnect of large switching

16



systems, such as SONET digital cross-connects and large ATM switches. An optical cross-
connect architecture for large ATM switches was proposed by Munter [6], and since it has
been prototyped. In this architecture, small satellite switches are cross-connected with a
high-speed switching core at a line rate of 10 Gb/s. The optical splitting loss and electronic
selectors will be problematic for a larger switch. To construct a large ATM switch using an
optical switching core, we need to find a better optical cross-connect architecture and
identify its strengths and limitations. In the following two sections, we briefly introduce
different architectures of optical cross-connects and their enabling technologies.

2.3 Optical Cross-Connect Architectures

As discussed in the preceding section, optical cross-connects can play an important
role in multi-wavelength tfansport networks and large switching systems. In this section,
we discuss optical cross-connect architectures based on different division multiplexing
techniques with respect to their potential and limitations. Multi-dimensional cross-connect
architectures using hybrid division multiplexing techniques are considered for the
improvement of single division multiplexing based cross-connects. Enabling technologies
for constructing these optical cross-connects are briefly reviewed in order to understand
the present state of related devices. An emphasis is placed on the devices for WDM and
SDM.

Optical cross-connects, according to division multiplexing techniques they use, can be
classified as: wavelength division cross-connects, space division cross-connects, time
division cross-connects, and multi-dimensional cross-connects. Here, multi-dimensional
means a combination of two or more division multiplexing techniques (orthogonal
dimensions) . From the standpoint of their applications, optical cross-connects can be
categorized into cross-connects for network routing and cross-connects for switching
fabrics in switching systems. The first kind of cross-connect in the thesis is referred to as
networking cross-connects such as the WDM cross-connects discussed in the preceding
section. The second kind is referred to as switching cross-connects. For interconnections
of network access nodes, it is preferred to avoid using E/O and O/E conversions in optical
networking cross-connects so that the interconnections are transparent to data-formats. In
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switching cross-connects, E/O and O/E conversions are generally required at inputs and
outputs.

There are various figures of merit for evaluation of optical cross-connects. Among
them are: the number of components, complexity of control, limitation of switching speed,
modularity, and scalability. Besides these, technological difficulties will determine whether
a cross-connect can be implemented.

2.3.1 Wavelength Division Based Cross-Connects

WDM based cross-connects can be further categorized into two broad classes: a
broadcast-and-select structure and a wavelength routing structure [27, 48].

In the broadcast-and-select structure, as shown in Figure 2.4, signals amiving at input
ports are transmitted at fixed distinct wavelengths and broadcast to all output ports
through a star coupler. At each output port, a tunable receiver selects a wavelength at
which the signal intends to go to the output. As mentioned in the pervious section, due to
using a single star coupler, for full cross-connections there are two limitations in this
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structure: a lack of wavelength reuse and the inherent splitting losses. However, the
simplicity of the structure makes is attractive.

Another structure of WDM based cross-connects is to use optical wavelengths as a
routing tool as discussed in wavelength routing networks so that a signal traverses the
cross-connect along a path determined by the signal wavelength. Figure 2.5 shows the
wavelength routing structure. By selecting the wavelength of a tunable laser, the input is
connected to an intended output. With just N .wavelengths, every input can be connected
to every output uniquely. The wavelength routing network is composed of passive
wavelength-selective devices. One of specific routing networks is the WDM cross-connect
[26] as shown in Fig. 2.2(a).

In an Nx N broadcast-and-select network, the inherent splitting loss is 10log(N) dB,
and there has to be N wavelengths for the fully N to N cross-connections, so the maximum
total capacity is B- N, where B is the bit rate of each wavelength channel. One advantage
of this network is its broadcast capability, realizable with fixed wavelength lasers and
tunable filters. It is possible to partly reuse wavelengths in the broadcast-and-select
network, but it is impossible to fully interconnect all the inputs to all the outputs. On the
other hand, in the wavelength routing structure, there is no inherent loss with ideal
wavelength routing devices and the wavelengths can be reused at distinct output ports so
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that the maximum cross-connection capacity can be N2-B. The wavelength routing
network has only one-to-one connections so it is difficult to have broadcast capability.
Regarding cross-connection applications, the broadcast-and-select structure is attractive
for a switching fabric [46, 47), while the wavelength routing structure is preferred for
optical networking. The most important advantage of WDM-based cross-connects is the
simple signal routing and the high transport capacity.

Based on two generic structures, many WDM cross-connects and switching networks
have been proposed, and some of them have been demonstrated. Examples of such
networks are: LAMBDANET, fast optical cross-connect, FOX, hybrid packet switching
system, HYPASS, multi-stage A-switch, and WDM cross-connect. Introductory
discussion on these switching networks can be found in [27, 48).

The implementation of WDM cross-connects requires several essential components.
Among them are: wavelength tunable sources and/or wavelength converters, star couplers,
wavelength multiplexers/demultiplexers, tunable optical filters, and wavelength routers.
Theses devices will be discussed in the next section.

To construct a large size WDM based cross-connect, we have to face some
technological challenges. One is the tunability of WDM devices, including the tuning range
and the tuning speed. Presently, the tuning range of tunable lasers is restricted within 20
nm with a high tuning speed in the order of nanoseconds [27]. Tunable filters can have a
large tuning range of over 200 nm [30], but the tuning speed is only in micro-seconds. To
overcome the problem of tunability, wavelength reuse can be introduced in cross-
connection networks. Some approaches to realize wavelength reuse will be discussed in
section 2.3 .4.

2.3.2 Space Division Based Cross-Connects

Optical space division multiplexing has been extensively studied for optical cross-
connection and photonic switching [37]. According to lightwave traveling modes, optical
SDM based cross-connects (switching fabrics) can be classified as systems based on either
guided-wave or free-space optics. A guided-wave structure is more attractive for high-
speed communication systems because of the high compatibility of interconnection with
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transmission components, robustness in different environments, and fast reconfiguration.
Free-space optics is mainly used in optical interconnections with its high degree of
connectivity [49, 50]. Performance of a specific optical space switching architecture is
primarily characterized by the following parameters: the worst-case optical path loss, the
worst-case crosstalk, a reconfiguration rate, and the number of switching elements
necessary to implement the switch [37].

The functionality of space switches, as shown in Figure 2.6, depends on the
requirements of their applications. The very basic function it has to perform is point-to-
point connections. In some cases, multicast/broadcast function has to be achieved. Further,
when WDM is used in combination with space switching, one may require connect several
inputs at different wavelengths to a single output. For a given space switch, whether it has
three functions or not is determined by its internal architecture.

According to their blocking characteristics, optical space switching fabrics can also be
categorized into four types: strictly non-blocking, wide-sense non-blocking, and
rearrangable non-blocking, and blocking [51]. For ultra-high-speed optical cross-
connection and switching applications, it is desirable to use strictly or wide-sense non-
blocking fabrics instead of rearrangable ones that may need to reconfigure some existing
connections for setting a new connection. Bursts of high-speed data may be lost during
rearrangement of the existing connections.
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In guided-wave structures, the most widely investigated space-division switching
device is a directional coupler [52, 53]. Such a coupler is a basic 2x2 non-blocking
switching device in either the bar state or the cross state depending on the control signal.
With directional couplers, we can build a larger space switching fabric using crossbar,
Clos, Benes, banyan, or omega network topologies [37, 52].

The strength of directional couplers is their optical transparency which can support
extremely high-bit-rate information. However, their use is restricted by several factors: the
control electronics limits their maximum reconfiguration rate; the long length of each
directional coupler prevents large-scale integration; and the losses and crosstalk associated
with each device limit the maximum size of a possible network. Some approaches have
been considered to solve these constraints. For example, semiconductor optical amplifiers
have been used to compensate the loss in space switching system [54]. To reduce the
crosstalk, dilated switching networks were proposed in [55]. In a dilated space switching
fabric, there is one output in use at each 2x 2 switching element while the other output is

" idle. The total number of switching elements in a dilated switching fabric is approximately

doubled.

Another important space switching element is a semiconductor optical amplifier (SOA)
switching gate. Its states (ON or OFF) are controlled by its injection current. With SOA
gates and optical couplers, a basic 2x 2 switch can be easily constructed, as shown in
Figure 2.7. Tt should be noted that this 2 x 2 switch not only is strictly non-blocking, but
also can perform all the three functions as illustrated in Figure 2.6, namely point-to-point
connection, multicast and active combining. In section 2.3.4, it will be seen that this space
switch is very important to the multi-dimensional cross-connects based on SDM and
WDM. A 4 x 4 switch array using 24 SOAs has been monolithically integrated in a single
chip and tested in an experimental network [56, 57).

A large size space switch based on SOAs can be constructed with the splitter-
combiner structure and Benes structure [58, 59). The size of switching fabrics is mainly
limited by three factors: saturation power of SOAs, accumulation of amplified
spontaneous emission (ASE) noise [59], and the multiple reflections due to residual facet



‘ Control

Bl sOoAgates

Figure 2.7: 2 x 2 space switch using SOAs.

reflections [58). The splitter-combiner structure is inherently limited by the splitting losses.
For an N x N switch, the power finally reaching an output is I/N? of the input power
i regardless of excess loss and amplifier gain. Fortunately, the gain of SOA gates can
partially compensate for the splitting losses. In a large SOA-based switch, each input and
output may use an SOA as an in-line amplifier in order to compensate for large splitting
losses [60].

With free-space optics, there are a lot of proposed cross-connects and switching
fabrics [37]. Two important ones are mentioned here. One is the symmetric self-electro-
optic effect device (SEED) based extended generalized shuffle (EGS) networks, so far
128 x 128 switching fabrics have been demonstrated [50]. Another is cascaded-beam-
shifter-type switches using liquid-crystal devices [61]). However, these switches either
operate at 2 low-speed or with a long reconfiguration time.

2.3.3 Time Division Based Cross-Connects

There are two basic types of optical TDM, bit multiplexing and block-multiplexing,
which can be applied in optical cross-connections. Bit multiplexing is preferred in
‘transmission systems. However, for switching systems, block-multiplexing is attractive
because it requires the switching fabric to reconfigure only at block boundaries. With a
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small amount of guard time between adjacent blocks (frames), the requirement on the
reconfiguration time can be relaxed.

An example of time-division block-multiplexing based switching is a time-slot
interchanger (TSI), through which the time slots of input frames are mapped into the
desired output slots. The implementation of an optical TSI can be based on either a single-
stage [62] or a multi-stage structure [63]. In all the proposed TSlIs, optical fiber delay lines
are used for time delay medium.

The size of block multiplexing switches is limited by the speed of electronic
multiplexing. To cross-connect ultra-high-speed optical signals with TDM, we have to use
bit-multiplexing with high-speed optical multiplexers and demultiplexers. Cross-
connections are established by shifting the demultiplexing times. The size of this kind of
cross-connect is limited by the highest possible optical bit-multiplexing. Synchronization is
a formidable challenge for TDM based cross-connection systems [37]). More important is
that in TDM based optical cross-connect there is no transparency for signal format and bit

" rate.

To realize a TDM cross-connect, we need several advanced optical components,
namely ultra-short optical pulse sources, ultra-high speed optical mmltiplexers and
demuitiplexers, and high-speed optical bit synchronizers. These components have been
demonstrated in some research laboratories [64, 65], but they are far from being
practically used.

2.3.4 Multi-dimensional Optical Cross-Connects

With a single dimension (division-multiplexing), the size of optical cross-connects will
be very limited due to the complexity of construction and control, and technological
constraints such as wavelength tuning rang of tunable lasers, size limitation of space
switches because of crosstalk and losses, and the highest TDM speed. To reduce the
complexity and increase the connectivity, we can use two or more orthogonal dimensions
to construct multi-dimensional cross-connects.
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Figure 2.8: Multi-dimensional cross-connection and switching architecture.

Figure 2.8 shows a “conceptual multi-dimensional cross-connect or switching
architecture using the hybrid of three basic multiplexing techniques. Different techniques
may be combined into one stage or used in different stages. For packet switching systems,
a time-division stage is necessary to buffer packets for contention resolution, which may
not be used in cross-connect systems. For optical cross-connection and switching, more
practical hybrid architectures may be based on two multiplexing techniques, such as TDM
and SDM, WDM and SDM, and WDM and TDM.

The combination of TDM and SDM has been widely used in modemn
telecommunications switching systems [51]. This kind of system is referred to as time-
multiplexed space switches such as T-S-T and S-T-S switches. When similar architectures
are used in optical cross-connects, challenges will come from TDM stages. For instance,
for 5 Gb/s optical signals the switching time must be a few pico-seconds. It requires very
fast optical AND gates which are still conceptually being investigated in research labs.
Optical TSIs using space switches may be a possible application. Hunter ez al. [63]
) proposed space switching architectures for cross-connecting optical TDM channels. For a
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large number of input channels, the complexity and crosstalk make them less practical
[66].

TDM based switching and cross-connect systems can also be extended with WDM.
Tsukada et al. [44] proposed an ultra-fast photonic ATM (ULPHA) switch based on TDM
and WDM. In this switch, the input ATM cells are compressed and then broadcast through
an optical star coupler. At the output side, cell selectors are used to switch and buffer the
cells.

A more appropriate multi-dimensional solution is a combination of WDM and SDM.
The hybrid of WDM and SDM can either increase the total capacity of a cross-connect
system or reduce the size of space switches and the number of wavelengths. More
importantly, they can provide transparent cross-connections for different signal formats
and bit rates, a very important feature that optical cross-connects can provide.

There are several proposed multi-dimensional cross-connects for switching
applications. In [67], Eng et al. proposed switching cross-connect based on WDM and
SDM. There is some wavelength reuse. However, this switching fabric is not non-
blocking. Obara et al. [68, 69] proposed two other cross-connect architectures using
WDM and electrical SDM to ease the requirement on laser tunability. These architectures
are only rearrangable non-blocking, also include electrical switches, which are very
undesirable for transparent cross-connections. Also, complex routing algorithms make
them harder to use in high-speed switching systems except for STM cross-connection
applications. Another architecture called MONET (multi-dimensional optical network)
cross-connect switch is proposed by Healey et al. [70]. This cross-connect is based on a
bus structure. N input signals as a group are sent to a line of the bus with WDM. The
wavelengths are reused at different input groups. At each output port, a space selector is
used to select a line of the bus, and then select a wavelength channel. Use of the bus
structure makes the power budget a very important concern in this switch.

For networking applications, we can also use multi-dimensional cross-connects. Figure
2.9 illustrates a 2 x 2 cross-connect composed of SDM and WDM for optical networking
[4, 71). WDM signals are first switched by a space-division switch. Then, corresponding
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Figure 2.9: Networking cross-connect (routing node) based SDM and WDM.

wavelengths are selected and converted to their ouiput wavelengths. In the space switch,
SOAs are used as switching gates for two incoming wavelengths by taking advantage of
SOAs’ broad optical bandwidth. However, the interchannel crosstalk due to the gain
saturation effect [97] will limit SOA application. Also, tunable optical filters used to select
optical channels will restrict the reconfiguration speed of the cross-connections. Another
optical cross-connect architecture applied in the multi-wavelength transport network
(MWTN) [19] use a broadcast-and-select stage followed by space switches. There are no
wavelength converters. Functionally, this is the same as the dynamic WDM cross-connect
as shown in Figure 2.3. However, there is more loss at the inputs and the outputs.

Following the discussion, it can be concluded that multi-dimensional cross-connect
architectures can potentially avoid the technological constraints of single dimensional
cross-connect architectures so that we can construct large optical cross-connects for
switching and networking applications.

2.4 Enabling Technologies

In this section, we discuss the present state of enabling device technologies for SDM
and WDM. Research on new architectures in the absence of a sound knowledge of device
capabilities and limitations may lead to unrealizable approaches.
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2.4.1 Space Switching Waveguide Devices

By the materials for device fabrication, space switching devices can roughly be
categorized into two classes: LINbO; devices and semiconductor (mainly InP) devices.
The most well-known space switching devices are titanium diffused LiNbO; directional
couplers [53, 72]. Directional couplers are transparent to bit rates and information
modulation formats. Their reconfiguration speed is generally limited by the electronic
control. With basic 2x2 directional couplers, large size space switches can be built.
However, the switching matrices in a single chip are limited by the long length of
individual directional couplers and the large bending radii required in the integrated
waveguide [52]. So far, the largest switching array implemented in a single chip is a
16 x 16, and this almost approaches the limits of the technology. For switching WDM
signals, wavelength sensitivity of directional couplers is a constraining factor because of
the wavelength dependence of switching characteristics. The optical bandwidth might be
improved with an appropriate design of waveguide structures. Experimental study has
shown that these can have an optical bandwidth of 10 nm with a crosstalk ratio of -30 dB
[73]. Apart from the optical bandwidth limitation, large coupling losses at inputs and
outputs are other limiting factors for wide applications [74]).

Semiconductor space switching devices have attracted great attention recently [75].
These are suitable devices in the long run because of their low power consumption,
compactness and integrability with other passive and active devices, and the possibility of
having optical amplification. A further advantage of these devices is a large number of
physical effects that allow one to modulate either the refractive index or the absorption.
Among them are electro-optic modulation, carrier depletion modulation and carrier
injection modulation. By using these modulation effects, we can construct various
switching devices. Figure 2.10 illustrates four basic structures of InP-based optical
switches. The first three are based on refractive index modulation and the last is based on
intensity modulation.

Two devices are worth notice for their potential applications for switching WDM
signals. One is the optical digital switch [76]. This kind of switch has two significant
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advantages: It can simultaneously switch an extremely broad optical bandwidth of over
100 nm. The second is that polarization independence can be achieved by simply
increasing the voltage.

Another device is an SOA based space switch. SOAs as switching gates have several
very attractive features [77, 78). Among them are; possibility of a lossless switch because
of the gain of SOAs, very low crosstalk of less than -40 dB because of a high contrast
ratio of SOAs, and wavelength insensitivity owing to a large optical bandwidth, and a fast
switching speed of about a nano-second. The cascadability of SOAs is limited by signal
degradation due to amplified spontaneous emission, multiple reflections from facets and
their saturation power [58, 59).

2.4.2 Wavelength Selective Sources

A wavelength selective source can be implemented with either a tunable laser or a laser
array. In a WDM based system, wavelengths must be accurately specified and separated
from their neighbors with precisely defined intervals. A wide tuning range and a fast tuning
speed are preferable for most switching and networking applications.

There are various tunable lasers available for WDM applications. External tunable
lasers can have a wide tuning range (50 ~ 200 nm) but a slow tuning speed, and are bulk
and sensitive to environment [27). Integrated tunable lasers are preferred for optical cross-

29



connects. Two most common kinds of tunable lasers are multi-section distributed feedback
Bragg (DFB) lasers and multi-section distributed Bragg reflector (DBR) lasers.

Wavelength tuning of a DFB laser is based on varying the refractive index of the active
layer material with the carrier density which is controlled by the injection current into this
layer. With this principle, the DFB laser gives a small but continuous tuning range of about
2 ~ 3 nm. Wavelength tuning of a DBR laser is based on variation of the current injected
into the Bragg section and/or the phase section. The quasi-continuous tuning range of the
DBR laser is from 8 nm to 10 nm [79]. A continuous tuning of the DBR laser is also
possible, but the range is only 2 ~ 4 nm. An altemative to the DFB and DBR lasers is a
tunable twin-guide (TTG) DFB laser [80], which has an extra passive waveguide
transversely integrated on the top of another conventional DFB laser and biased separately
from the active layer to change the Bragg wavelength through carrier-induced refractive
index change. An important feature of TTG lasers is a large continuous tuning range of
over 10 nm with a single tuning current.

For optical cross-connections, tunable lasers should have a wide tuning range. One
approach proposed to extend the total tuning range is using three overlay DBR lasers
working alternatively [81]. This can provide a total tuning range of 20 nm. Recently,
several new types of widely tunable lasers (> 20 nm) have been introduced. Among them
are: Y-lasers with a tuning range of 28 nm [82], vertical coupler filter (VCF) lasers with a
tuning range of 57 nm [83], and Super-structure grating (SSG) lasers with a tuning range
of 105 nm [84]. For practical applications, these lasers need to be investigated further in
terms of reliability and wavelength stability.

In addition to a wide tuning range, tunable lasers should have a fast tuning speed. The
wavelength switching time of DFB lasers can be as short as a few hundred pico-seconds,
which is determined by the effective carrier lifetime [85]. On the other hand, the switching
time of DBR lasers can be from a few nano-seconds to several hundred nano-seconds,
strongly dependent on the frequency space AF and allowable frequency deviation §f as
follows: T,, =(1:,/2)-ln(AF/8f ) [86], where 7, is the effective carrier life time. To
reduce the wavelength switching time, Tada ez al. [87] proposed a duplex transmitter
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using two DBR lasers and a high-speed space switching device such as a LiNbO;
directional coupler. The wavelength switching speed totally depends on the device
switching speed. An additional benefit is reducing the wavelength drift due to the thermal
effect during wavelength tuning.

As an alternative to tunable lasers, laser amrays show promise as wavelength selective
sources. Laser arrays allow a wider wavelength selective range and a more regular channel
spacing than tunable lasers. Moreover, with proper configurations, multiple signals can be
simultaneously transmitted so that we may have some multicast applications. A 16 x 1
DFB laser array with a star coupler and an optical amplifier has been monolithically
integrated on a single chip [88].

2.4.3 Wavelength Converters

There are a variety of wavelength conversion configurations. The simplest way is to
use a detected signal to modulate a laser running at the desired wavelength. However, we
have to use O/E and E/O conversion, which is not transparent to date formats. To avoid
this problem, all-optical wavelength converters are preferred. Presently, three kinds of all-
optical wavelength converters are being vigorously investigated.

The first all-optical wavelength conversion approach uses non-degenerated four-wave
mixing (FWM) in optlcal fibers [89] and in semiconductor optical amplifiers [90]. This
approach has the potential for very fast operation and is modulation-format independent.
The input and output wavelengths can be continuously tuned. The conversion range can
be up to 20 nm. However, the conversion efficiency is relatively low, although the
theoretical prediction shows a possible high efficiency [91].

Another approach to realize wavelength conversion is using the well-known cross-gain
modulation of semiconductor optical amplifiers. Optical on-off keying (OOK) signals can
be effectively converted to another wavelength. So far, a 10 Gb/s OOK signal has been
successfully converted to another wavelength [92, 93]. Two-stage cascadability and signal
multicasting have also been demonstrated at 2 Gb/s [94]. The speed limitation on the
signal bit rate for this type of wavelength converter is determined by the gain recovery
time of the SOA, which is strongly dependent on the input optical power. To increase the
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conversion speed, a higher input power will be required. The wavelength conversion
range, determined by the amplified spectral width of SOAs, can be as wide as 40 nm.
However, only conversion from a long wavelength to a short one can be efficient due to
the gain profile shift to a long wavelength as the SOA saturates. The advantage of the
wavelength conversion using SOAs is that it can be polarization insensitive and that
variations in the signal input power and wavelength are less critical compared with other

types.

A four-section DBR laser with a saturable absorber is another candidate as a
wavelength converter [95]. The saturation absorber in the laser results in a bistability of
the power via current (L-I) characteristic and allows the laser to be optically triggered.
The lasing wavelength can be tuned electrically within several nano-meters. In contrast to
SOA-based wavelength converters, the wavelength conversion is achieved by using a
single component with low optical input power.

Wavelength converters will be the essential ingredients in constructing WDM cross-
connection networks, but requirements of wavelength converters will depend on
architectures and systems. For practical system applications, the main concemns are the
cascadability, the range of input and output wavelengths, the sensitivity and required input
signal power, and the frequency tolerance on input signals, which are still under
investigation.

2.4.4 Optical Amplifiers

Optical amplifiers are key components in optical networks and cross-connect systems.
They are required mainly to compensate for long-distant transmission loss and the losses
at transport nodes. The most important is that optical amplifiers make an optical
communication system modulation-format-transparent. There are two main kinds of
optical amplifiers, semiconductor optical amplifiers (SOAs) and rare-earth doped fiber
amplifiers (DFA).

The SOA type most widely used today is traveling-wave (TW) type. TW-SOAs have a
large continuous optical bandwidth of over 40 nm with a gain of about 20 dB [96].
Although they have a large optical bandwidth, they have a relatively low output saturation

32



power of less than 10 dBm. When they are used to amplify WDM signals, owing to their
very short gain recovery time of hundreds of pico-seconds, there will be inter-channel
crosstalk between WDM channels when SOAs work in their saturation region [97]. To
avoid this interchannel crosstalk, one can use fixed amplitude modulation formats such as
PSK and FSK for transmission. Another approach to increase the saturation power is
using multi-quantum well (MQW) structure. A MQW semiconductor optical amplifier
with a saturation power of 10 ~ 15 dBm has been reported [98]. Semiconductor optical
amplifiers are attractive for their large optical bandwidth, compactness, and integratability
with other optical and electrical devices. However, they have a relatively large input and
output coupling loss, polarization dependence and inter-channel crosstalk for WDM
signals. SOAs are mainly employed as functional devices for optical switching and
networking instead of in-line amplifiers. More detailed introduction to SOAs will be given
in Section 8.2,

As for rare-earth doped fiber amplifiers, the most important one is an erbium-doped

- fiber amplifier (EDFA) [99, 100]). EDFAs working at 1.5 um have a high optical gain of 30

to 40 dB with a gain bandwidth of 35 nm and a high saturation power of over 15 dBm.
They are inherently fiber compatible, insensitive to polarization, and immune to crosstalk
among wavelength-multiplexed channels owing to their long carrier life time of about 10
ms. EDFAs are widely used in high-speed optical transmission systems as in-line and pre-
amplifiers. In a cross-connect or switching system, they are primarily employed to
compensate for the system losses such as splitting and coupling losses.

2.4.5 Wavelength Routing Devices

Wavelength routing devices are essential to WDM cross-connection networks. In a
broad semse, they include optical filters, wavelength multiplexers/demultiplexers
(MUX/DEMUX), and wavelength routers.

The most well-known kind of optical filter is Fabery-Perot (F-P) filters, which can
have a very high finesse with a periodic response. By using optical fiber, very compact
fiber F-P filters have been built with a finesse as high as 350 and a tuning range of 50 nm
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[101]. However, the tuning speed is slow in the order of milliseconds. F-P filters are often
used as fixed filters with a high finesse.

There are other two well-known tunable filters: electro-optic tunable filters and
acousto-optic tunable filters (AOTF) [102). They have a large tuning range and a
relatively fast tuning speed. Electro-optic filters can be tuned within 16 nm at a speed of a
few nano-seconds. AOTFs can be tuned over a range as large as 400 nm at a few micro-
seconds. However, the resolution of AOTFs is relatively low, about 1 nm. From the
discussion in Section 2.2.2, it is known that AOTFs as four-port components can be used
as wavelength exchange-bypass components with which a large-size dynamic wavelength
switch can be constructed. The construction of a large wavelength switch is limited by the
crosstalk characteristics of AOTFs. There are three kinds of crosstalk in AOTFs [103,
104]: crosstalk due to the inband optical leakage and coherent optic ideal sinc-squared
transmission function and coherent crosstalk due to the wavelength shift. An effective way
to reduce the crosstalk is to use the dilated switching structure which will achieve the low

"+ crosstalk at a cost of an increase in the number of the components [104).

Wavelength demultiplexers/multiplexers are other kinds of essential components for
WDM applications [105]. There are two main types of wavelength demultiplexers in terms
of the mechanisms used to select wavelengths. These are: dispersion-based demultiplexers
and interferometer-based demultiplexers. It is noted that, owing to the inherent reciprocity
of lightwave, in all cases, the same device can be used as either a demultiplexer or a
multiplexer.

In a dispersion-based demiltiplexer, a diffraction grating as an angularly dispersive
element disperses incident light spatially into varicus wavelength components. Most of
recent implementations of this kind are realized with planar waveguides for integrating
several optical components together [106, 107). A typical interferometer-based
demultiplexer is the cascaded Mach-Zehnder (M-Z) interferometer. A 128-channel
demultiplexer has been fabricated by using seven serially connected M-Z interferometers
[108].
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Using optical filters or wavelength demultiplexers and multiplexers, one can construct
the wavelength routing network shown in Figure 2.2. However, it is very desirable to have
an integrated compact wavelength routing device. Drgone [108] proposed a very clever
structure for realization of the integrated wavelength router. Two free-space couplers are
connected by a waveguide phase array. With a proper design of the coupler and the array,
different wavelengths from an input will be spatially separated on different outputs, and
then they combine with different wavelengths from other inputs. Several successful
fabrications have been reported with silica or InGaAsP material with wavelength channels
up to 8 [109, 110]. Furthermore, a large size wavelength router can be constructed with
small-size wavelength routers [111].

2.4.6 Optical Couplers

Optical couplers are passive components which realize optical power combination
and/or power distribution independent of optical wavelengths. Optical couplers include
optical splitter (1xN) and combiners (Nx1), and optical star couplers (NxN). In
principle, any optical coupler with N > 2 can be constructed with 2x 2 couplers [101].
However, the number of 2 x 2 couplers will be very high for a large N. An alternative is to
use planar integrated waveguide optics [112). Main advantages of the waveguide
technology include the flexibility it offers since the coupler size is not restricted to 2 x 2
multiples and the possibility that it can be monolithically integrated with other optical
components such as lasers and semiconductor optical amplifiers. An integrated 144 x 144
star coupler with an excess loss of about 5 dB has been reported [113]. Optical couplers
are the most mature components for WDM applications.

2.5 Summary

In summary, we discussed architectures of optical cross-connect networks and
enabling device technologies for implementing the cross-connects. It can be seen that
multi-dimensional cross-connect networks using hybrid division muitiplexing techniques
show promise for practical large-size cross-connection applications with existing device
technologies. Although some advanced devices are available, clever architectures are still
required to relax the constraints on optical components. Cross-connect architectures
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should also be evaluated from the system point of view by considering the limitations of
devices in order to know their feasibility for practical applications.
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3. Optical Cross-Connect Based on
Wavelength Division and Space Division
Multiplexing Techniques

3.1 Introduction

In this chapter, we propose a novel optical cross-connect architecture by combining
wavelength division and space division multiplexing techniques. The goal is to construct a
large scale optical cross-connect with presently available technologies. WDM and SDM
are selected mainly because they can provide optical signal transparency for optical cross-
connection. It should be pointed out that this optical cross-connect is mainly proposed for
a high-speed switching core within a switching system, not for multi-wavelength
networking.

In the next section, we describe the principle behind this architecture. Section 3.3
presents some conceptual designs for its implementation. In Section 3.4 we further
consider system loss for different design schemes.

3.2 Architecture

Figure 3.1 shows the architecture of the proposed optical cross-connect with N
(=L-M) inputs and K (=0-R) outputs. The optical cross-connect includes N
wavelength tunable transmitters, L MxQ optical space switches, and Q LxR
wavelength routing networks. M inputs, as a group, are connected to an Mx Q space
switch, then to O wavelength routing networks. To set up a connection, the transmitter at
an input is first tuned to a wavelength which can pass through the optical filter at the
designated output; then the space switch, to which the input is connected, switches the
input to an output connected to the wavelength routing network to which the designated
output belongs. Finally, the wavelength, which the transmitter is tuned to, routes the
optical signal to the output. To access R outputs of the wavelength routing network, the
tunable transmitter at the input should be able to tune to R wavelengths. When the spatial
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Figure 3.1: Architecture of the optical cross-connect based on WDM and SDM.

interconnects of all the space switches are set up, the optical cross-connect, in principle,
becomes Q active routing WDM cross-connects as shown in Figure 2.5 [27]. With space
switches, the active routing cross-connects are reconstructed dynamically, and all the
wavelengths are reused at each sub-cross-connect.

To interconnect WDM sub-cross-connects and make the cross-connect strictly non-
blocking, the space switches have to be strictly non-blocking and be able to combine
inputs with different wavelengths for one output. The requirements can be well met by
semiconductor optical amplifier based splitter-combiner space switches [56, 58], as shown
in Figure 3.2. In this space switch, the number of outputs O can be larger than the number
of inputs M. Besides this kind of space switch, SOA-based space switches with other
structures can also have this property, for instance, an SOA-based Clos switch [59].
However, the splitter-combiner space switch uses the least number of components.
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The function of the wavelength routing networks is simply to rout optical signals at
different wavelengths to their intended outputs. Figure 3.1 shows star-coupler based
wavelength routing networks, which are made of star-couplers followed by sets of optical
filters. In addition to this kind of wavelength routing network, we can also use wavelength
routers as routing networks. This will be discussed in detail in Section 3.3.2.

Owing to the broadcast capability of the SOA-based splitter-combiner space switches,
the cross-connect is able to multicast input signals under the appropriate control. The bold
lines started from the (A+1)-th input in Figure 3.1 show the input being connected to two
outputs. It should be noted that this mmlticasting is not arbitrary due to limited spatial
interconnections of the space switches. That is, the (M+1)-th input tuned to A, can only be
connected to every 2nd output of each wavelength routing network. The multicast
capability can be enhanced with tunable filters and a non-symmetrical architecture with X
larger than N.
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One of the main features of this architecture is wavelength reuse. This dramatically
reduces the number of required wavelengths for a given-size optical cross-connect. From
the space switch point of view, this optical cross-connect can be thought of as an
expansion of space switches with WDM. In contrast to pure space switches, the proposed
optical cross-connect needs much less components. The total number of SOAs used in
splitter-combiner space switches for different combinations is plotted in Figure 3.3. For
example, to construct a 64x 64 cross-connect with four wavelengths, we need 16 x 16
space switches with 1024 SOAs in total instead of 4096 SOAs for a pure space-division
cross-connect (with one wavelength).

The maximum size of the proposed optical cross-connect is determined by the number
of the available wavelengths and the size of the space switches. For a symmetrical optical
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Cross-connect, e.g., for M equal to Q and L equal to R, the number of the input/output
ports of the cross-connect is given by

N=R-M 3-1)

Figure 3.3 shows different combinations of WDM and space switches for an N x N cross-
connect with N = 64, 128, and 256. For a given-size cross-connect, the optimum
combination will depend on many aspects, such as performance requirements,
technological availability, reliability, and costs associated with each technologies, etc. In
the next two sections we will discuss its implementation and related technologies, and
consider the system loss for different combinations.

3.3 Design for Implementation

To see the feasibility of the proposed optncal cross-connect, we describe some
conceptual designs and the related technologies for implementing the cross-connect in this
section. The detailed performance analysis based on the designs will be discussed in the
next chapter. .

As for the implementation, the system must be designed to be reliable, integral, and
modular. Such a system would have three main parts: transmitter modules, receiver
modules, and internal interconnect. To avoid crossovers on waveguides, we deliberately
separate the optical splitters and combiners of the space switches on two separate modules
the transmitter and the internal interconnect. For the sake of simplicity, we assume that
four-wavelengths WDM is combined with 16 x 16 space switches to form a 64 x 64 optical
cross-connect. Designs for other combinations such as eight-wavelength WDM with 8 x 8
space division switches can be simply obtained with some modifications.

3.3.1 Transmitter Modules

Transmitters are for wavelength tuning. Two designs are discussed here. The first,
shown in Figure 3.4(a), uses a tunable laser as a wavelength tunable source. To avoid the
problems induced by direct modulation of lasers, such as relaxation oscillation and large
frequency chirp [24, 101], an external modulator is used to obtain an optical on-off keying
(OOK) signal. The modulated signal is sent to a 1x 16 (1 x M) optical splitter which is
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followed by sixteen SOA switching gates controlled by their injection currents. It is noted
that the optical splitter and SOA switching gates are a part of the space switch. With
existing technologies, it is possible to monolithically integrate a tunable laser, an external
modulator (electro-absorption type), a 1x 16 optical splitter, and sixteen traveling wave
SOA optical gates in a single chip. Similar integration fabrication has been demonstrated
by Young et al. [88]. In case of difficulty in integrating all the components in a single chip,
we can integrate a transmitter module on two chips, one for a tunable laser and an external
modulator, the other for an optical splitter and SOA switching gates. The integration will
make the system very compact and will reduce the coupling loss between different
components.

An altemnative to a tunable laser is a laser amray, which consists of a group of lasers
with fixed but unique wavelengths. Our second design of transmitter modules, shown in
Figure 3.4(b), is based on the idea of using a laser array as a wavelength selective source.
Following each laser in a laser array, an external modulator is used to select its wavelength
and simuitaneously modulate incident optical intensity in order to have an OOK signal, if
the wavelengfh is selected. A problem when using laser arrays is that we have to adjust
lasers to have the desired wavelengths and make sure that they are stable over a long time
for proper system operation. Technically, we can use a wavelength stabilization system to
control all the wavelengths, but this will be very costly for a switch system. To avoid this
problem, we propose to use a set of central power lasers to supply optical power for all
the transmitters, instead of using a laser array at each input port. The wavelengths of the
central power lasers are stabilized. At each transmitter module we use a set of external
modulators for wavelength selection and intensity modulation. In Chapter 4, it will be
shown that with only a single intensity modulator with an ON/OFF ratio of about 20~25
dB, it is difficult to meet the system performance requirement for wavelength selection.
Thus, two cascaded modulators may be needed to provide a high ON/OFF ratio for
wavelength selection. If a wavelength is selected at a transmitter, one of the corresponding
modulators modulates light intensity to have an OOK signal, the other one as a switch is
set to the ON state. All other modulators in the transmitter are set to the OFF state in
order to block optical power at other wavelengths.
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Figure 3.4: Schematics of transmitter modules. (a) Transmitter with a tunable laser. (b)
Transmitter with a set of central high-power lasers and wavelength selectors.

In this transmitter, the wavelength selecting speed is merely determined by the
modulators and can be hundreds of picoseconds. In place of a 1x 16 splitter in the first
transmitter module, a 4x 16 ( RxM ) star coupler is used as a shared optical power
splitter for all four wavelengths. Use of central power lasers not only gets rid of
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wavelength difference among different transmitter modules, but also saves on the total
number of lasers, thus, improves the system reliability. In contrast to the first transmitter
module, in the second module, wavelengths for WDM with a large channel spacing ( >1
nm) are easily obtained and stabilized for reliable system operation. The wavelength
selecting speed is not only much faster but is also independent of the difference between
the two switched wavelengths. Another feature of this design is that a transmitter may
send more than one wavelength at a time, thus an input port can connect more output
ports so as to enhance the multicast capability. Actually, each transmitter here can be
thought of as a small broadcast-and-select WDM system. Limitation of this second design
is power leakage from the blocked wavelength channels. The power leakage will introduce
homo-wavelength crosstalk, which will be discussed in detail in the next chapter.

3.3.2 Receiver Modules

A receiver module is composed of a wavelength routing network and a photodiode
array. The main concem is the wavelength routing network. In Figure 3.1, the wavelength
routing networks are the star couplers followed by the optical filters. Optical signal power
to a star coupler is distributed to each output and then the optical filters select the
wavelengths. For one-to-ome cross-connections, we can Jjust use fixed optical filters
following a star coupler. For a multicast/broadcast system, tunable filters may become
necessary in accordance with the multicasting requirement.

One problem with the star coupler based wavelength routing networks is their inherent
splitting loss due to the characteristic of power distribution of star couplers. To avoid this
splitting loss, we can use wavelength routers based on a static WDM cross-connection
network [114] as wavelength routing networks. Wavelength routers have no inherent
splitting loss for ideal wavelength routing. This wavelength router has been discussed as a
static optical router node in Section 2.2.2. In contrast to the application in optical
networking as shown in Figure 2.2(a), in the optical cross-connect there is only one
wavelength at each output port at a time instead of four wavelengths. When an input
§ignal wavelength is changed, the signal will be routed to a different output in accordance
with the wavelength matrix in Figure 2.2(b). To avoid contention, there must be only one

44



, _ Wavelength

 Optical : /
: § TP i| routing
e ‘amplifiers /_ networks
_ ! ’
M T [ - 1st
S | ———
Space ~ ; « Optical
switches : ° combiners
; M-th

Internal interconnect

Figure 3.5: Schematic of internal interconnect of the optical cross-connect.

wavelength at each output port no matter how many wavelengths there are at each input
port. '

It should be noted that the wavelength control algorithm for tunable transmitters with
the wavelength routers is different from that with the star coupler based wavelength
routing networks. Due to fixed wavelength routing, the use of the wavelength routers
limits the multicast capability of the optical cross-connect.

3.3.3 Internal Interconnect

The internal interconnect is for connecting the transmitter modules to the receiver
modules. Figure 3.5 illustrates the schematic of this internal interconnect, Optical fibers
connect the outputs of the transmitters to optical combiners, then to wavelength routing
networks. Amplifiers are used following optical combiners to compensate for the splitting
loss of the space switches. There are two ways to compensate for the system loss. One
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way is to use an optical amplifier as a power booster right after the external modulator.
The alternative is using an EDFA to amplify multi-channel WDM signals after each optical
combiner of the space switches. With a low input power, the EDFA can provide a higher
optical gain. So, we choose the later scheme. To reduce the spontaneous emission noise,
we may use an optical bandpass filter after each EDFA.

The internal interconnect uses M- R optical fibers for space switch interconnections,
M- R optical fibers for interconnections from space switches to the wavelength routing
networks. The total number of optical fibers in the internal interconnect is
M?-R+M-R=N-(M +1) which is almost proportional to the line number M of space
switches. When M =1, thatis N = R, the two sets of interconnection fibers become one
set with N the total number of optical fibers. The number of optical amplifiers
compensating for the loss mustbe M-R= N .

3.4 System Loss

In this section, we consider the system loss for different combinations of WDM and
SDM. The system loss is an important parameter for selecting the number of WDM
wavelengths and the size of space switches. In the optical cross-connect, it depends on
the size of space switches and the structure of wavelength routing networks.

When we use tunable lasers in transmitters and wavelength routers, the total system
loss L, in decibels is given by

L, =10log(M*)-G, +L_ (3-2)

where G, is the net gain of SOA switching gates,L_ is the total excess loss

including the insertion loss of an external modulator, the excess loss of an optical splitter
and a combiner, and the insertion loss of a wavelength router. From equation (3-1), we
have

L, = 101og[(]‘ N/R'[)’]- G, +L_ (-3)

where r N/R-I is the smallest rounded integer larger than or equal to N/R.
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Figure 3.6: System loss of an N x N optical cross-connect. For each wavelength number,
the lower curves show system loss when using wavelength routers while the upper curves
show systems loss when using star-coupler-based routing networks.

With star-coupler based wavelength routing networks, the loss is increased to
Luws =1010g|([N/K ) B]- Gy + L, (34)

This loss is the same as that when we use central power laser based transmitters and
wavelength routers.

Figure 3.6 shows the system loss as a function of the number of wavelengths for
WDM with the assumptions of G, =15dB andZ__ =15dB. From Figure 3.3 and 3.6, it
can be seen that using space switches to interconnect WDM sub-cross-connects reduces

the number of wavelengths, but increases the system power budget comparing with the
wavelength routing based optical cross-connects. It can be seen that the curves for using
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star-coupler-based routing networks will reach some asymptotes as the number of
wavelengths increases. The asymptotes indicate the inherent losses of the star-couplers. To
alleviate the splitting loss of space switches, we may use directional coupler based
semiconductor active splitters instead of passive ones. To be successful, we have to reduce
the crosstalk particularly within a wide optical bandwidth. Experimental studies [73] show
that LiNbO; directional coupler can have a crosstalk ratio of -30 dB within 10 nm optical
bandwidth with proper designs. Wavelength reuse may make it possible to use directional
coupler based space switches to interconnect WDM sub-cross-connects because of a
relative narrow optical bandwidth for WDM.

3.5 Conclusions

In this chapter, we havé proposed an optical cross-connect architecture for a large size
switching core. Space switches make full wavelength reuse in WDM sub-cross-connects
so that the number of wavelengths is reduced. In turn, WDM makes it possible to expand
the space switches to a large size one with significantly less components. With the
conceptual designs for its implementation, we have shown that the system can be highly
integrated and can be highly modular. As the size of the proposed optical cross-connect
increases, the system loss may become a limiting factor, particularly when using star-
coupler based wavelength routing networks.
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4. Performance Analysis of the Proposed
Optical Cross-Connect as a High-Speed
Switching Core

4.1 Introduction

Following the design for the implementation in the last chapter, the system
performance needs to be investigated and the degradation factors have to be identified
before a possible practical system design. In this chapter, we consider the proposed optical
cross-connect as a switching core used inside a switching system. For this application,
optical to electrical (O/E) and electrical to optical (E/O) conversion interfaces may be
used at the ends of the cross-conmect system. The main factor degrading the system
performance is homo-wavelength crosstalk due to using space switches for wavelength

-, reuse. After investigating the crosstalk mechanisms, we will discuss a Gaussian

approximation for calculating homo-wavelength crosstalk impact on the performance.
Numerically, a 64x64 cross-connect is taken as an example for the performance
evaluation. We believe this is a reasonably large size to be investigated with considerable
engineering importance.

Some assumptions and simplifications are used in the following modeling and
numerical calculations. First, the optical cross-connect is assumed to be fully loaded, that
is, all the possible cross-connections are used all the time without output contention,
which is resolved by the electronic control. The calculation is performed for connections in
the steady state without any dynamic interruptions. Data signals are on-off keying (OOK)
with the nonreturn-to-zero (NRZ) format, and received by direct detection with a p-i-n
photodetector. Optical signals are represented by their optical power corresponding to
data ONEs and ZEROs. Frequency chirp due to extemal intensity modulation and
dispersion effects of all components are not taken into account since signals are
transmitted only in short length fibers within the cross-connect. For simplicity of the
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analysis, all the light reflections in the system are ignored. All components are assumed to
be polarization-insensitive.

The rest of the chapter is organized as follows. In Section 4.2, we describe the system
models and then discuss the mechanisms of crosstalk degrading the system performance in
Section 4.3. Section 4.4 describes the approach for our performance evaluation. Bit error
rate performance and power penalty due to crosstalk are numerically evaluated and
discussed in Section 4.5. Finally, in Section 4.6 we present our conclusions.

4.2 System Models

In this section, we describe system models for evaluating the system performance.
The system models are based on the designs discussed in Section 3.3. Figure 4.1 shows
the optical signal path through the cross-connect. In this figure, optical amplifiers are
represented with their gains and other components are represented with their losses.

Optical amplifiers are key components in the optical cross-connect system. Two kinds
of optical amplifiers, SOAs and EDFAs, are used. SOAs are considered to be in the steady
state in our performance evaluation, although their dynamic characteristics are very
important [77, 78). Furthermore, SOAs will be treated as ideal traveling-wave optical
amplifiers. As amplifiers, the gain of SOAs is wavelength-dependent even though the gain
ripples have been ignored. For traveling-wave SOAs working at 1.5 um at the unsaturated
region, the -3 dB optical bandwidth is about 40 nm. In our present consideration, the
utilized wavelength range is much smaller than SOAs’ optical bandwidth. So, the gain of
SOAs is assumed to be wavelength-independent. When more wavelengths are used for
WDM, we have to consider the spectral dependence of the amplifier gain. In principle, we
can provide a larger power margin to compensate for the gain drop for some signals.

The saturated gain of SOAs is calculated with [97]
G,

P
—=_ jpR

“G-1"G @b

F,

where G is the amplifier saturated gain, G, is the gain with zero input power called the
unsaturated gain, and P, is the optical saturation power.
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Figure 4.1: Model representation of an optical signal path of the optical cross-connect.
Components are characterized with their losses or gains.

SOAs have a short gain recovery time of about several hundred picoseconds [115].
For a low-speed signal with a high input power, the gain will vary with signal data bits.
-, For a high-speed optical signal at 10 Gb/s, the gain can be assumed to correspond to
average optical power rather than power in each data bit, provided an appropriate line
code is used to avoid long lines of data ZEROs or ONEs. This is the case we consider in
this chapter. It is also well-known that the gain saturation of optical amplifiers, particularly
SOAs, induces inter-channel crosstalk in WDM systems [97, 115]). Fortunately, in the
proposed optical cross-connect system only one channel at a time is amplified by an SOA.
So, the inter-channel crosstalk is avoided in this application.

EDFAs are also assumed to be gain-flat within the WDM wavelength range and their
saturated gain is calculated with the average input power because of their long carrier
lifetime of about 10 milliseconds [116]. Due to the same reason, inter-channel crosstalk
resulting from gain saturation is negligible. Considering the input and output coupling
losses, the optical output power is given by

P, =L,_GP, 4-2)

where L, and L_, are the input and output coupling losses, respectively. Spontaneous
emission noise power at the output from an amplifier is given by [97, 117]
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B, =L,pn(G-1hvB, (4-3)

where v is the center frequency of the amplifier bandwidth, B, is the effective optical
bandwidth of optical filters, n, is the spontaneous emission factor, and p is a factor which
ranges from 1 to 2 according to the polarization sensitivity of the amplifier. In the
following evaluation, we assume that all the amplifiers are polarization insensitive, so p is
taken to be 2 in our calculations.

In this optical cross-connect system, EDFAs are concatenated with SOAs, the signal
output power and the total amplified spontaneous emission noise power can be calculated
using the following iterative equations [118]

F, omi = LGP, out i-1 4-4)

Po;=LGP,,  +P o

4-5
=LG/F,,,, + Lo..png (Gf - l)hVB" -

where L, = L, L, is the total coupling loss of the i-th optical amplifier, G; is the internal
gain of the i-th optical amplifier.
4.3 Mechanisms of Crosstalk

There are various crosstalk components degrading the system performance in the
proposed optical cross-connect system. One is due to a finite ON/OFF ratio of SOA
switching gates. Another component is induced by non-ideal response of wavelength
routing networks which is a very common type of crosstalk in WDM systems. The third
one results from the transmitter modules with central power lasers. The first and the third
are unique in the cross-connect, so they will be emphasized in the following discussion.
These three crosstalk components can be categorized into two types. One is referred to as
hetero-wavelength crosstalk which can be taken into account by the power addition [119,
120, 121]. The second type is homo-wavelength crosstalk, as the crosstalk channels have
the same nominal wavelength as the signal channel. When the signal-crosstalk beating falls
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within the receiver electrical bandwidth, the homo-wavelength crosstalk is referred to as
beat-noise crosstalk.

Let us first consider the cross-connect system with tunable laser transmitters and the
wavelength routers. Each transmitter uses a separate tunable laser. Therefore, optical
carrier phase of different signal channels are random and statistically independent.

As switching gates, SOAs work in the ON and OFF states controlled by their injection
currents. An SOA in the OFF state (with a lower injection current) absorbs incident
optical power and blocks the signal channel. However, some optical power can leak from
the SOA. The power leakage becomes crosstalk to another signal channel when it gets
combined with the signal at an output combiner of a space switch. Without loss of
generality, we consider the first output port of a space switch in the cross-connect, as
shown in Figure 4.2. With different wavelengths and space cross connections, there are the
least and the worst case degradation due to crosstalk components.
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The least degradation case corresponds to when the crosstalk channels in an input port
group (which are connected to a single space switch) use different wavelengths compared
to that of the signal channel. It can be seen that the crosstalk at the output of the combiner
will be redistributed to different output ports of the wavelength routing network in
accordance with their wavelengths. For instance, a crosstalk channel at A, at the first input
of the wavelength router becomes crosstalk at the second output port, as shown in Figure
4.2. In the same way, a crosstalk component at A, at the fourth input of the router
becomes crosstalk to the signal at the first output port. According to the wavelength
routing relationship, one can note that all the crosstalk terms to a signal channel at an
output of the wavelength router have different wavelengths compared to the signal
channel. Thus, the crosstalk in this case is hetero-wavelength, so its power can directly
add to the signal power with no beating falling within the receiver bandwidth. With the
power addition, the crosstalk power in a signal channel at an output of a wavelength
router is given by

Px,g(t) = ‘Zl- C‘Pm *(t) 4-6)

(k=f)
where C, is the reciprocal of the ON/OFF ratio of SOA gates, defined as C, =G, /G,, ,

and P, ,(r) is the output optical power of the k-th crosstalk channel at a wavelength

different from 4, i.e., the signal wavelength, i denotes the signal channel. Equation (4-6)
can be further simplified as

P, ()=CpP,, gl d,(z) @é-7)
(kei)
where F,,, is the output optical power for data ONEs which is assumed the same for all
the channels, d, () is a data indicator for the &-th crosstalk channel defined as d,(r) =1
for data ONEs and d,(¢r)=r for data ZEROs, where r is the reciprocal of a signal
extinction ratio defined as r = P,/P,. Although there might be some beating among
crosstalk terms when they have the same wavelength, it will be much smaller because of
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their small amplitudes. In the least case, we will have a lower bound on the performance
degradation due to crosstalk from space switches.

In the cross-connect, there are interconnections for which all the channels in an input
group use the same nominal wavelength, that is A, =1} =...= X' =1, in Figure 4.2. At
the same wavelength, each input in an input group must be connected to a separate
wavelength router after the space switch. Hence, at every output of the space switch, a
signal is combined with all the leaked power from other A - 1 input channels. Since the
crosstalk channels use the same wavelength as the signal, the crosstalk will be inseparable
from the signal regardless of the type of the wavelength routing network. This kind of
crosstalk was referred to as the homo-wavelength crosstalk [121]. If the polarization of
the crosstalk channel is orthogonal to the polaﬁuﬁon of the signal, there is no beating
between the signal and the crosstalk and the power addition applies again.

When crosstalk channels have the same state of polarization as the signal channel or
have a random polarization state, the crosstalk will beat with the signal. Considering the
randomness of the optical carrier phase, the beating will convert the carrier phase noise to
intensity noise, which is referred to as the signal-crosstalk beat noise in this thesis, and the
signal-crosstalk beat noise will fall within the receiver electrical bandwidth. Here, we have
assumed that the nominal central wavelengths of the transmitters are the same and the
chirp of the external modulation is negligible. Small deviation among these central
wavelengths will produce a low-frequency beating which is even worse than the normal
signal-crosstalk beat noise since it may create long error bursts which are harder to
correct. In our calculations, the low-frequency beating is included in the signal-crosstalk
beat noise, provided the average time is sufficiently long. As the signal-crosstalk beat noise
falls totally within the receiver bandwidth, the homo-wavelength crosstalk is referred to as
beat-noise crosstalk, which is considered in the following for the safe system design. More
detailed discussion about the homo-wavelength crosstalk will be presented in Chapter 7.

In addition to homo-wavelength crosstalk from space switches, when the central
power lasers are used as optical sources at the transmitters, yet another form of homo-
wavelength crosstalk due to optical power leakage of the wavelength selecting
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modulators can be introduced. Let C,. be the reciprocal of the ON/OFF ratio (which is the
total ON/OFF ratio of the two cascaded modulators if they are used) of the modulators,
defined as C, =P, /P, where P,y is the leaked optical power. When an optical
wavelength, for instance A, is selected, the corresponding modulator is set to the ON
state and all others are set to the OFF state. Since the modulators in the OFF state can not
completely block the input optical power, the power leakage C_ P, will be distributed to
all the outputs through the star coupler. In Figure 3.4(b), the output from the first SOA
gate includes signal power L .G, F, at a wavelength A, and three crosstalk terms with

constant optical power C,L,G,P, but at different wavelengths A,, A; and A,. The

crosstalk with other signal channels is reduced to (C,C, )L,G, A, in which C,C, < -50 dB
is so small that makes the crosstalk negligible.

As for this crosstalk, the worst case is that R input channels in an input group are
simultaneously cross-connected to R outputs of a wavelength router. Therefore, R input
channels in the input group must be combined at an output port of the space switch.
Figure 4.3 shows the wavelength distribution in this case before and afier the combiner.
Circled wavelengths are for the signals, the other ones in the same column at a circled
wavelength are the homo-wavelength crosstalk terms at each output of the wavelength

router.

If we assume that a signal channel and its crosstalk channels have the same
polarization and their optical length is the same, that is, the signal carrier and the crosstalk
carriers are totally in phase, the crosstalk will improve the signal extinction ratio.
Unfortunately, this situation is very rare without a strict optical phase control.

With no control on the optical phase, the worst-case interference between the signal
and the crosstalk may happen, that is, all the crosstalk carriers are in phase but out of
phase with the signal and the polarization states of the signal and crosstalk channels are
matched. The optical power of data ONEs may be significantly reduced by the
interference. Considering the slow phase and polarization fluctuations in time, once this
case happens, it would last for a long time (relative to the bit duration) during which the
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Figure 4.3: Wavelength distribution of homo-wavelength crosstalk when using central
high-power lasers. Input wavelengths to the combiner are in rows, output wavelengths of
the wavelength routing network are in columns.

system performance is seriously degraded. This is very undesirable because there is no way
to recover a long length loss of data except by re-transmitting them and this is not possible
in many communications situations.

To avoid the long-time out-of-phase worst case, we can randomize the phase of all the
input wavelength channels through relative delays much longer than the laser coherent
length. Therefore, the optical carrier phase values become uncorrelated and each can be
assumed to have an independent phase uniformly distributed between - to x.

When we use the star coupler based wavelength routing networks, the worst-case
crosstalk from the space switches and from the transmitters with central power lasers are
the same as that with wavelength routers. In addition, the crosstalk always takes the
worst case regardless of cross-connections since the inputs of a star coupler are always
combined before they are distributed to the optical filters.
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To evaluate the beat-noise crosstalk, we begin by considering the total received
electrical field. It is assumed that there are K crosstalk channels with the same crosstalk
ratio, C, . On a photodetector, the optical field of the signal with the beat noise crosstalk is

given by
E()= 21‘}(t)ﬁ,(t)COS(mt+¢,(t))+g‘/_ZC,Pu(t)ﬁu(t)COS(mt+¢u ©) @8

where P,(¢) is the optical signal power, P,,(¢) is the optical power of the crosstalk
channel, 5,(+) and p,,(¢) are unit vectors of the signal and the i-th crosstalk channel
polarization, respectively, #(s) and ¢, () are the optical phase of the signal carrier and
the i-th crosstalk carrier, respectively. Considering the laser spectral linewidth of several
tens of MHz being much smaller than the receiver bandwidth ( > 1 GHz ), we can assume

the crosstalk carrier phase is constant at least within one bit duration. Thus, when a signal
datum is ONE or ZERO, the detected optical power can be approximated by

K
},d = Pm.ld: + ZJ-Ctpm.l kZl ‘J d:dx,kﬁ:ﬁx,t COS(Q, = ¢x.k)
X 2
+2C,P,,, [;,/d, 4+ Doy cos(ar + ¢, ,)] .

(4-9)

The received optical power includes three terms. The first one represents the signal power,
the second term is the beating between the signal and the crosstalk, and the third term is
the power addition of crosstalk channels and the mutual beating. The second and the third
terms contribute to the detected power fluctuation at the receiver with the second term
being the dominant one.

Gimlett and Cheung [123] assumed the second beat term to be Gaussian and presented
a power penalty relationship. The validation of this approximation is based on a large
number of crosstalk channels, a low crosstalk ratio and a negligible optical power of the
data ZEROs. To make the previously reported approach more accurate, we include the
third term and data ZERO power effect on the signal-crosstalk beat noise, and then
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evaluate bit-error-rate performance and power penalty with the statistical methodology
(120, 121).

With the assumption that crosstalk terms are small enough and their optical carrier
phases are statistically independent, the total crosstalk in the electric field,

E,(t)=,/CTz:lm;5, ,(t)cos(o)t+¢, ',(t)), in accordance with the central limit
theorem, can be approximated by a Gaussian random process E,(¢). Through a square
law detector, for a signal data ONE or ZERO, the received optical power has a non-
central chi-squared distribution [124]. By using the probability distribution transformation,
we have the variance of the non-central chi-squared distribution which can further be
approximated by Gaussian statistics.

First, we assume that the polarization of each crosstalk channel matches the signal
polarization, that is, p,(¢) = p,, () for all k. For signal data ONE and ZERO, we assume
there are K crosstalk channels with data ONEs. The average optical power and the optical
power (fluctuations) variance due to the beat-noise crosstalk are

P =R(d, +KC,) (4-10)
O;uox =2P*d,KC, + K*C2P*. 4-11)

Here, we ignore the contribution from the crosstalk at data ZEROs. If the crosstalk
channels are randomly polarized, the average optical power is kept the same but the power
variances are reduced by a factor of 2,

Oiuox = BdyKC, + K*C?P* /2. “4-12)

From the above equations, it can be noted that the average optical power is the
summation of the signal and crosstalk in power, and the power variance is strongly
dependent on the power in the data ONEs and ZEROs. One tenn in the power variance is
due to the beating among the crosstalk channels. With a low crosstalk ratio and a small
number of crosstalk channels, this beating is usually negligible.
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In addition to homo-wavelength crosstalk due to using space switches or wavelength
selectors, there is another kind of crosstalk from wavelength routing networks due to their
non-ideal spectral response. This kind of crosstalk is hetero-wavelength and can be easily
taken into account with the power addition approach. For estimation, we only consider
two adjacent crosstalk channels, so the crosstalk terms are independent of the number of
the wavelength channels.

4.4 Bit-Error-Rate Evaluation

To evaluate the bit-error-rate performance of the optical cross-connect, we adopted a
noise model of the signal current in the receiver from [97] with some modifications.
Spontaneous emission noise of the amplifiers is assumed to be white within the signal
optical bandwidth and to have Gaussian statistics. When the signal with spontaneous
emission noise is detected by a photodetector, an electric current includes the signal
cutrent corresponding to the input optical power and noise components corresponding to
thermal noise, shot noise, signal-spontaneous beat noise, and spontaneous-spontaneous
beat noise contributions. The thermal noise, independent of the received optical power, is
an equivalent noise including all the noise terms from the photodetector and the
subsequent electrical pre-amplifier.

The thermal noise, shot noise, signal-spontaneous beat noise, and spontaneous-
spontaneous beat noise electrical power with a loading resistance of one ohm are given by

N, =138, (4-13)
2
Nooryo = 2%(” oo + Ny B, )B. 4-14)
ne)’
N g = {E) (P ot 10V qr/ P)Bc 4-15)
neY’
N, =(E) N /p(2B,8, - B?) (4-16)
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where N, is the effective power spectral density of the amplified spontaneous emission
noise from all optical amplifiers, P10 is the output power of the optical signal

corresponding to data ONEs and ZEROs. All the noise components are assumed to be
Gaussian. Therefore, the total noise power can be expressed as

Ny =N, + Ny inn +N, oo +N, . 4-17)

Now we consider a signal in crosstalk. With wavelength routers, the crosstalk not only
increases the shot noise but also contributes to crosstalk-spontaneous beat noise since
spontaneous emission noise along with the crosstalk is simultaneously routed to the same
output port with the information. Figure 4.4 shows a spectral distribution at an output of a
wavelength router. Spontaneous emission noise and crosstalk from other three inputs are
routed to the signal output port.

With the power addition assumption of hetero-wavelength crosstalk, the crosstalk
power will be added to P yo in equations (4-14) and (4-15). The spontaneous-

Spontaneous beat noise is increased by R times as a single channel does. With these
arguments in mind, equations (4-14) to (4-16) become

2
Noatyo = 2%[}’ wiyo + B, + N, qr(RBo )]B. (4-18)
2
N s =4(%) (B + )N /0], @-19)
2
Nyppio =2(%) N /p(28,B, - BY)R. (4-20)

As for the beat-noise crosstalk, since it has been considered as the beat noise to the
signal using the Gaussian approximation, the average optical power 7’:,',,0 is used as in
equations (4-18) and (4-19) to calculate the shot noise and signal-spontaneous beat noise.
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Figure 4.4: Spectral distribution of an optical signal and its crosstalk at an output of a
wavelength router.

If it is assumed that the OOK signals have equal probability (1/2) in data ONEs and
ZEROs and -are statistically independent, with the power addition assumption and
disregarding non-ideal signal waveform distortion, the total crosstalk power at the
sampling point for threshold detection will be binomially distributed. This is due to the fact
that the total power is the summation of many (say M-1 from a space switch) two-level
power crosstalk channels. This may overestimate the crosstalk impact on the performance
when the signal with asynchronous crosstalk channels is received by a receiver with a finite
electrical bandwidth. For the hetero-wavelength crosstalk from the space switches, the
total crosstalk power takes on M possible power levels with the probability given by

R()=R[B, = iC.Pu +(M~1-j)C,P. ]
M- 1 - @-21)
CjHM-1- ) 2

The average BER may be evaluated for each possible crosstalk level at the receiver. Thus,

P {'z_;'ﬁ;{j; expl- /e + exp(-t’/Z)dt}I;(j) @22)
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where

Tm‘(sm.oJ*'st), 0,= (""U+ J)-T"" (4-23)

% == 1% T,

0.j

Also, S, 10; =% Poyyro; and S, s=%P;, Nyand N, are the total noise power for

data ONEs and ZEROs, respectively, as the crosstalk power is
B =jCoPus +(M~1-j)C,P,,. T, is the optimal decision threshold which results

in the minimum average BER. Unfortunately, the optimal threshold level is analytically
intractable. Numerical calculations must be used to obtain accurate results.

In addition to using the statistical averaging, we can use the worst case analysis to
evaluate the performance degradation. It should be noted that this worst case is for
hetero-wavelength crosstalk components under the power addition assumption. With the
worst case analysis, all the crosstalk channels are assumed to always have data

" complementary to that of the signal channel. Therefore, the bit error rate is calculated by

=ﬁ:{ o eo(-rf2e+ [ exp(- zz/z)d:} (4-24)

e = (Souco + (M =1)C s,_,,) (s_,', +(M-1¥C,S,,,)-T,,
N, ) N,

Do
(4-25)

In the following numerical calculations, the crosstalk due to non-ideal filter response
of wavelength routing networks is considered under this worst-case analysis.

For the beat-noise crosstalk from space switches, the variance of the optical power
taking on a certain level is also a binomial distribution as given in equation (4-21). The bit
error rate could be evaluated for each possible power variance level due to the beat noise
crosstalk at the receiver. Thus, we can calculate the bit error rate using equation (4-22)
with
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T, ‘(Sm.o./ '*'§x.j) _ (sau.l.j +'§;. )‘ T,
= N Q,= JTVTTJ > (4-26)

where 5, = [jC P, +(M-1- )CoPuis]s Ny =Ny + N, is the total noise

power of the signal with a signal-crosstalk beat-noise power N, = (&) 62,,,. It
should be stressed that the performance degradation obtained using the beat-noise analysis
of homo-wavelength crosstalk is an upper bound. The beat interference between the signal
and the crosstalk can be reduced by some factors such as crosstalk central wavelength
shift from the signal wavelength larger than the receiver electrical bandwidth and the large
frequency chirp due to the modulation.

For the beat-noise crosstalk due to using central power lasers, since crosstalk channels
have a constant power level, we can simply calculate the power variance for signal data
ONE:s and ZEROs, and add them to the total noise power. One can note that the worst
case crosstalk may also include the beat-noise crosstalk from space switches since there
are R input ports from an input group at most to connect to a wavelength routing
network, and there can be M - R beat-noise crosstalk channels from the same space
switch. To emphasize the crosstalk due to using the central power lasers, we assume the
ON/OFF ratio of the SOA switching gates is large enough so that the crosstalk terms can
be dealt with, separately.

4.5 Numerical Results and Discussions

For the following numerical calculation, the default values of the system parameters
are listed in Table 4.1 at the end of the chapter. We first consider using tunable lasers at
the transmitters and wavelength routers as the wavelength routing networks, thus there
are only the homo-wavelength beat-noise crosstalk from space switches in the worst case.
The crosstalk of the wavelength routing networks is taken into account with two adjacent
crosstalk channels. The worst case analysis is applied as discussed in equations (4-24) and
(4-25).
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Figure 4.5: Bit error rate versus received and transmitted average optical power with
different crosstalk ratios of SOA switching gates. Crosstalk channels are assumed to be
randomly polarized. The signal extinction ratio is 20 dB. Crosstalk ratios corresponding
tocurve 1, 2, 3, 4, 5, and 6 are -0, -40, -30, -29, -28, and -27 dB.

With the beat noise analysis, Figure 4.5 shows the bit error rate performance of the
64 x64 optical cross-connect with the four-wavelength WDM and the 16x16 space
switches. In the worst case, there are 15 (thatis, M -1) beat noise crosstalk channels.
To be realistic, we assume that the crosstalk channels bave random states of polarization.
The extinction ratio for all these channels is 20 dB. Without the crosstalk, the bit error rate
performance is limited by the signal-spontaneous beat noise due to the use of optical
amplifiers. The receiver sensitivity for a signal at 10 Gb/s is about -18.5 dBm with a BER
of 10™". With a crosstalk ratio of -40 dB which is a reasonable value for the SOA gates
(78] (or see Figure 8.6), there is almost no degradation. As the crosstalk ratio increases

and approaches -28 dB, the BER performance will reach a floor of 10™2. With a crosstalk
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Figure 4.6: Bit error rate versus received average optical power for the signals with
different signal extinction ratios. Curve 1, 2, 3, and 4 correspond to r = -0, -20, -15,
and -10 dB.

ratio of -27 dB, we have a BER floor at 10'9. From Figure 4.5, one can see another
important point that the power penalty due to the beat-noise crosstalk is strongly BER
dependent, that is, for a certain crosstalk ratio we have a larger power penalty for a lower
BER. This strong dependence is due to the noise-like characteristic of signal-crosstalk
beat interference and its field addition treatment instead of power addition treatment.

BER values as a function of the transmitted optical power is also shown in Figure 4.5.
To have the required BER, we have to increase the input power to compensate for the
crosstalk. However, the gain of SOA switching gates will be saturated by high input
optical power. Thus, the transmitted power will be increased to a level higher than what
we expected from the output power penalty. For example, to compensate 6.5 dB power
penalty for the crosstalk ratio of -29 dB, the transmitted power need to be increased by
over 7.5 dB.
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Figure 4.7: Power penalty versus crosstalk ratio of space switches with different signal
extinction ratios. The optical cross-connect utilizes 16x 16 space switches and the four-
wavelength WDM. Crosstalk channels are randomly polarized except the case shown by
the curve with triangles.

With the same system parameters as those in Figure 4.5, Figure 4.6 shows the BER
performance for signals with different signal extinction ratios. Without the beat-noise
crosstalk, the power penalty due to finite signal extinction ratios is independent of bit error
rates, as shown by the four parallel solid lines in Figure 4.6 where curve 1 ( solid line ) is
for the signal with the ideal extinction ratio (r=-00) and no crosstalk. With a beat-noise
crosstalk ratio of -30 dB, the power penalties for these four signals with
r=-wx, =20, —15, —10dB are strongly dependent on the bit error rates. It is important
to see that with the same crosstalk ratio, the receiver sensitivity for the signal with an

extinction ratio of 20 dB is about -15 dBm at a BER of 10" while the signal with an
extinction ratio of 10 dB reaches the BER floor. This is because signals with lower
extinction ratios have a relatively larger ZERO power with which the signal-crosstalk beat
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Figure 4.8: Power penalty versus crosstalk ratios of space switches when the cross-
connect uses 8 x8 space switches and eight-wavelength WDM. Crosstalk chamnels are
randomly polarized except the case shown by the curve identified with triangles. BER is

setto 10,

noise can be significant. This effect was neglected in the previous power penalty
evaluations [123]. To alleviate the performance degradation due to the beat-noise
crosstalk, we should make the signal extinction ratio so high that the beating between the
signal data ZEROs and the crosstalk be negligible. A signal extinction ratio of 20 dB will
be appropriate with a power penalty of less than 0.5 dB.

Figure 4.7 shows the receiver power penalty as a function of the crosstalk ratio of
SOA switching gates. The calculations are based on the same system parameters as those
used for the BER performance evaluation in Figure 4.5. The dependence of power penalty
on the signal extinction ratios is clearly shown in the figure. When the signal extinction
ratio increases from 10 dB to 20 dB, the crosstalk ratio can be relaxed by about 2.2 dB as
the BER approaches the floor. Figure 4.7 also shows the power penalty difference for two
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Figure 4.9: Upper and lower bounds of power penalty from space switches for the
64 x 64 optical cross-connect with 8 x8 and 16x 16 space switches. Signal extinction

ratio is 20 dB. BER is set to 10",

BER requirements of 10" and 10”. The requirement on the crosstalk ratio for 2 BER of
107 is less by about 1.5 dB than that for a BER of 10”. In all the above evaluations we
have assumed the crosstalk channels have been randomly polarized. This is a reasonable
assumption in practical systems. However, if the polarization of the crosstalk channels all
match that of the signal channel, we will have more power penalty. From Figure 4.7, it is
seen that the requirement for a crosstalk ratio is by 3 dB lower than that for the crosstalk
channels with random polarization.

To ensure the power penalty stay within 1 dB, we must make the crosstalk ratio less
than -35 dB for the signal with an extinction ratio of 15 dB at a BER of 10°2. In general,
crosstalk ratio of -35 dB is easily obtained with SOA switching gates. So, for 16x 16
space switches, homo-wavelength beat-noise crosstalk will not be a serious problem. It is
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Figure 4.10: Power penalty due to using central high-power lasers for the four-
wavelength WDM and the eight-wavelength WDM. Crosstalk channels are randomly

polarized. Signal extinction ratio is 20 dB. BER is set to 10"~

worth seeing that the power penalty is independent of the number of wavelengths for
WDM, that is, with more wavelengths we will not get more performance degradation from
the space switches.

From equations (4-10)-(4-12), we see that the crosstalk beat-noise power depends on
the size of the space switches. To reduce the power penalty of space switches, we can use
more wavelengths for WDM and smaller size space switches. For a 64x 64 optical cross-
connect we consider the combination of eight-wavelength WDM with 8x 8 space
switches. It can be expected that the system loss will be reduced by 6 dB from equation
(3-3). Figure 4.8 shows the power penalty due to the crosstalk level of the 8x 8 space
switches. When the crosstalk polarization matches the signal polarization, the required
crosstalk ratio is 3 dB lower than that when the crosstalk channels have a random
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polarization. To keep the power penalty to within 1 dB, we must make the crosstalk ratio
be less than -31 dB.

As we mentioned in the last section, the beat-noise analysis of homo-wavelength
crosstalk gives an upper bound on the crosstalk power penalty. Considering the homo-
wavelength crosstalk under the power addition assumption, we can have a lower bound
on the power penalty. In Figure 4.9, we show the two bounds for the two combinations
with the four-wavelength WDM and the eight-wavelength WDM. It is seen that for a
power penalty of 1 dB, the difference between the required crosstalk ratios is about 13 dB.
Considering this large difference, we may introduce some ways to reduce the beat noise
effect of homo-wavelength crosstalk in order to relax the crosstalk requirements.

When central power lasers are used at the transmitters, there is another homo-
wavelength crosstalk. Figure 4.10 shows the power penalty of these crosstalk terms under
the beat-noise analysis. The signal extinction ratio is 20 dB. We assume that the phase of
all the crosstalk channels have been randomized, and each crosstalk channel has an
- independent random polarization. The difference in the crosstalk ratio requirement for the
four-wavelength WDM and the eight-wavelength WDM is 3.5 dB. To make the power
penalty be within 1 dB, the crosstalk ratios must be less than -29.5 dB and -33 dB for the
four wavelength WDM and the eight-wavelength WDM. With a single optical modulator,
this requirement on the crosstalk ratio is hard to meet. With two cascade modulators with
a total ON/OFF ratio of about 40 dB, there will be no problem to realize this transmitter
scheme.

4.6 Conclusions

To assess the feasibility of the proposed optical cross-connect system, we have
discussed and analyzed the system performance. With wavelength reuse, it is identified
that homo-wavelength crosstalk is introduced in space switches. When using central
power lasers for the transmitters, we have also similar homo-wavelength crosstalk due to
finitt ON/OFF ratio of the wavelength selectors. An upper bound on the performance
degradation due to the homo-wavelength crosstalk has been evaluated using the beat-noise
analysis.
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A 64 x 64 optical cross-connect at an internal line rate of 10 Gb/s has been numerically
evaluated. With a four-wavelength WDM and 16x 16 space switches, the results show

that we can have a power penalty of as low as 0.2 dB at a BER as low as 10" with a
crosstalk ratio of -40 dB in the space switches. The crosstalk from the space switches will
not be a concem in this system even with consideration of its beat noise effect. To reduce
the beat-noise effect of homo-wavelength crosstalk, we should use a high extinction ratio
for the signal and take proper measures to reduce the beating, in order to approach the
lower bound on the power penalty as presented in this work. To use the central power
lasers configuration, we have to have the wavelength selector with an ON/OFF ratio
higher than 30 dB for a less than 1 dB power penalty. The cascade of the two modulators
for wavelength selection at the transmitters will meet the requirement. From the system
performance point of view, the discussion and analysis show that implementation of a
64 x 64 optical cross-connect is possible, at the present state-of-the-art.
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Table 4.1: Default values used in the numerical calculations

Parameter Symbol Default Value
Bit rate R, 10 Gb/s
Bit error rate BER 10°0r 10 |
Receiver electrical bandwidth B. 7 GHz
Central optical wavelength A, 1550 nm
Size of optical cross-connect N 64
Number of wavelengths R 4or8

Size of space switches M 16 or 8
Excess loss of optical splitters L, 3dB
Excess loss of optical combiners L. 3dB

Loss of external modulators L, 5dB
Effective optical bandwidth B, 50 GHz
Channel crosstalk of wavelength routers Cq -15dB
Thermal noise current In 10 pAN(HzZ)
Optical gain of SOA with zero input G.g 15dB
Saturation power of SOAs Pyug 3dBm
Spontaneous emission factor Ny, 35

Input coupling loss of SOAs Ling 3dB
Output coupling loss of SOAs Loug 5dB
Optical gain of EDFAs with zero input Go. 20dB
Saturation power of EDFAs Piara 13dBm
Spontaneous emission factor of EDFAs Rep.a 1.5

Input coupling loss of EDFAs Lina 2dB
Output coupling loss of EDFAs Louta 3dB
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5. Experimental Demonstration of a 4 x 4
Optical Cross-Connect

5.1 Introduction

In the previous two chapters, we presented the proposed optical cross-connect using
WDM and SDM and the analysis of System performance for a 64 x 64 cross-connect as a
switching core. To further prove the concept of the proposed optical cross-connect, in this
chapter we present an experimental demonstration of a 4 x 4 optical cross-connect. The
demonstration shows that it is promising to construct a practical system based on the
proposed architecture. This experimental system can be further developed as a 4 x 4 optical
cross-connect prototype.

5.2 Experimental Setup

The schematic of a 4 x 4 optical cross-connect is shown in Figure 5.1. This is a2 small
version of Figure 3.1. In this system we use two optical wavelengths for WDM and two 2
x 2 SOA-based space switches for interconnections. A wavelength selective transmitter is
made of two DFB lasers, two wavelength selectors, and a 3-dB coupler since we do not
have wavelength tunable lasers. Due to lack of components, we only construct a part of this
System to demonstrate the switching functions. Neglected parts have no effects on the
operation of the working part.

Semiconductor optical amplifiers used in the following experiments are MQW
semiconductor optical amplifiers operating at the wavelength window of 1300 nm which are
specially designed for their polarization independence. The fiber-to-fiber gain is about 10 ~
12 dB at an injection current of 100 mA. Polarization dependence of the gain is less than
0.5 dB. More detailed characteristics of these components will be discussed in Chapter 8.
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Figure 5.1: Schematic of a 4 x 4 optical cross-connect using WDM and SDM.

Two experimental setups are used to demonstrate different switching operations. First
of all, we inthigate' a 2x2 SOA-based optical switch, which is a basic part of the 4x4
optical cross-connect. Figure 5.2 illustrates the setup for the 2x2 switch. A DFB laser
operating at 1302.7 nm is directly modulated with a PRBS with a word length of 27-1 at a
bit rate of 1 Gb/s. A semiconductor laser pumped Nd:YAG laser operating at 1318.6 nm
with an external modulator is used to generate an optical sine-wave signal at 1 GHz. Optical
isolators are used before and after SOAs in order to avoid optical reflections. Two optical
receivers are a p-i-n receiver (PD1) with a frequency response up to 2 GHz and a high-
sensitivity Ge-APD receiver (PD2) with a response up to 1.2 GHz. Control signals are from
2 pulse generator with a rise time of 1 ns. They are amplified with pulse RF amplifiers
before being injected into the SOAs. A digital oscilloscope is employed to display switched
signals.
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Figure 5.2: Experimental setup for an SOA-based 2 x 2 space switch.

The second experimental setup is for a 4 x 4 optical cross-connect. In this setup, there
are one wavelength tunable transmitter, two SOAs for an optical space switch, and a 2x 2
coupler and two optical filters for a wavelength routing network. The tunable transmitter is
made of two DFB lasers operating at 1302.7 nm and 1307.5 mm, which are directly
modulated with the same signal current, and two SOA gates followed by a 2 x 1 coupler for
wavelength selection. Although we use much less components in the setup than a real 4x 4
cross-connect system, we can demonstrate all the switching functions of the 4 x4 cross-
connect. As to the SOA-4 in the setup, there are two different connections, one for cross-
connection denoted by (a), and the other for simulating a homo-wavelength crosstalk
channel denoted by (b).

5.3 Switching Demonstration and Experimental Results

First, we use the setup in Figure 5.2 to demonstrate a 1 x 2 space switch, where the

Nd:YAG laser is turned off. The switched output signals are shown in Figure 5.4. In Figure
5.4(a) the input PRBS signal is switched to the first output of the 2 x 2 space switch. When
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Figure 5.3: Experimental setup for a 4 x 4 optical cross-connect using SDM and WDM.

two complementary control signals are applied to the first and second SOAs simultaneously,
we have two output signals shown in Figure 5.4(b). Traces 3 and 4 in Figure 5.4(b) clearly
show no bit loss of the switched signal during the switching transient. One-bit guard time
should be sufficient for switching transient in this SOA-based switch. For a 2 x 2 switch, we
turn on the second transmitter. Figure 5.5 shows the two input signals and the switched
signal from the first output. The switching transient shows the fast switching speed of the
SOAs.

Combining space division switching with wavelength division multiplexing, we can
expand 2x 2 space switches to a 4 x4 switch using the proposed architecture. With the
second experimental setup shown in Figure 5.3 , we directly modulate the two DFB lasers
with the same PRBS signal, then switch the first and second SOAs in a complementary
fashion to select a required wavelength. The optical signal from the transmitter is then
splitted into two switching paths where the third and fourth SOAs control connections to
the wavelength routing stage. Finally, the signal is routed to its intended output by a
wavelength routing network.
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Figure 5.4: Demonstration of a 1x2 space switch. (a) Input and output of an SOA
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Figure 5.5: Demonstration of a 2x 2 space switch. Two inputs are a PRBS and sine-wave
signals.

Figure 5.6 illustrates the scope traces for switching functions of the 4 x 4 cross-connect.
Two sets of control signals are used. One is for wavelength switching, another is for space
switching. In Figure 5.6, trace 1 shows an input signal at A, from the transmitter, trace 3
denotes an input signal at A,. The two signals are alternatively sent to the two SOA
switching gates. The control signals for space- switching are deliberately delayed from the
wavelength control signals as shown at the top of Figure 5.6. Trace 2 is the output signal at
Ay from the first output after wavelength and space switching, the signal at A, from the
second output is illustrated by trace 4.

With connection (a) for the fourth SOA, Figure 5.7 shows the signals at A, coming out
from the first and third outputs. These two output signals are switched by the space switch.
Similar trace display is observed from the second and fourth outputs of the cross-connect.
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Figure 5.T7: Outputs from two wavelength routing networks. The input signal at A, is
switched to two outputs, alternatively.
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Figure 5.%: BER versus received optical power for a static cross-connection of the 4 x 4
optical cross-connect.

After successfully demonstrating the switching functions of the proposed optical cross-
connect, we further measure system performance in terms of bit error rate for a static cross-
connection. We mainly investigate the impact of the homo-wavelength crosstalk from the
space switches in this small 4 x 4 optical cross-connect. First, we set injection currents to

four SOAs as follows:
I; =1L = 85 mA for the ON state,
L=L=15mA for the OFF state.

The ON/OFF ratio of the SOAs is about 30 dB. In this experiment, the fourth SOA is
assumed to be connected to the second transmitter which is turned to the same wavelength
as the first transmitter. When setting connection (b) for the fourth SOA, we use 1.2 km fiber
before the SOA to de-correlate the optical phase for two signal paths. The output of the
fourth SOA is connected to another input of the first 2x 2 coupler. Thus, we have two
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virtual paths in a 2 x 2 space switch. Since the fourth SOA is set in the OFF state, the signal
leakage from this path becomes homo-wavelength crosstalk to the signal from the third
SOA.

The measured BER as a function of received optical power is shown in Figure 5.8. The
back-to-back receiver sensitivity is about -35.3 dBm with no space switches. For the cross-
connection without crosstalk (the second path is disconnected), the power penalty is 0.12
dB at a bit error rate of 10”. This penalty is primarily due to ASE noise of SOAs. With the

homo-wavelength crosstalk from the second path, there is almost no more power penaity
compared with the cross-connection without crosstalk. Homo-wavelength crosstalk impact

on system performance will be further investigated experimentally in Chapter 7.
5.4 Conclusions

In this chapter, we experimentally demonstrate a 4 x 4 optical cross-connect based on
the proposed architecture. The wavelength and space switching functions have been proved.
* The experiment shows that 1-ns guard time (corresponding to 1 bit of a 1-Gb/s signal) is
enough for protecting signals at switching transient. The successful demonstration of the
proposed optical cross-connect shows the promise of constructing an 8x 8 or 16x 16

prototype.
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6. Performance Degradation due to Crosstalk
in Multi-wavelength Optical Networks Using
Dynamic Routing

6.1 Introduction

Multi-wavelength optical networks using wavelength routing have been recognized to
be very attractive over other optical networks by virtue of their information transparency,
wavelength reuse and a good degree of scalability [9, 10]. For non-uniform traffic,
dynamic reconfiguration of the wavelength routing interconnections is required in
response to changing traffic patterns [10]. Dynamic wavelength routing can be realized by
introducing optical space switches at the wavelength routing nodes, as discussed in section
222,

For the evaluation of end-to-end transmission performance, two crosstalk mechanisms
have been identified in the dynamic wavelength routing nodes [28). One is due to the non-
ideal response of the optical multiplexers and demultiplexers, the other is due to the non-
ideal signal switching of the space switches. Thus, we have two kinds of crosstalk, homo-
wavelength and hetero-wavelength crosstalk as discussed in Chapter 4. The homo-
wavelength crosstalk is accumulated as the signal is transmitted through the routing nodes.
When optical amplifiers such as EDFAs are used in the network, the accumulated ASE
noise will intensify the impact of the crosstalk on the performance. Also, the homo-
wavelength crosstalk may introduce signal-crosstalk beat-noise, so the system
performance may be severely degraded.

In [28] only a simplified network without EDFAs was considered under the power
addition assumption. From the discussion in Chapter 4, it can be known that the homo-
wavelength impact on the system performance is far underestimated in [28]. In this
chapter, we use the approach employed in Chapter 4 to analyze an end-to-end
transmission performance in a multi-wavelength optical network using dynamic
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wavelength routing with EDFAs for loss compensation. A lower bound and an upper
bound on the performance degradation due to the homo-wavelength crosstalk will be
evaluated. In the next section, we describe the system model for performance evaluation.
Then, we present a numerical example for a network with moderate-size dynamic routing
nodes.

6.2 System Model

The structure of the dynamic wavelength routing node is shown in Figure 2.3. The
routing node consists of N wavelength demultiplexers at the input side and N multiplexers
at the output side, and M (N+1) x (N+1) optical space switches. M incoming signals in an
optical fiber are first demuitiplexed and then sent to A space switches through which they
are connected to different multiplexers where the signals at different wavelengths are
multiplexed and coupled into a single output fiber. Each space switch only switches
incoming signals at the same optical wavelength. Here, the space switches are considered
.. as general optical switches instead of very specific ones. Except for introducing losses and
crosstalk, the switches contribute no noise to the system.

An optical path with a fiber link (one transmission stage) through two routing nodes is
shown in Figure 6.1. An optical signal is added through the i-th space switch, then
multiplexed with other signals at different wavelengths. The signals go through an EDFA,
then a fiber link and another EDFA just before a wavelength demultiplexer in the (i+1)-th
node. The signal added at the i-th node can be switched to drop to the (#+1)-th node. In
the following we assume that the signal goes through K transmission stages with (K+1)
space switches. For the end-to-end performance evaluation, the optical components,
except for the amplifiers, are represented by their losses. The EDFAs amplify the signals
and at the same time contribute ASE noise. The same lumped amplifier model for
calculating the EDFA gain and accumulated ASE and the current noise model at the
receivers discussed in Section 4.2 are employed.

As for the crosstalk at the routing nodes, first we consider there is no signal-crosstalk
beat noise falling within the receiver electrical bandwidth. Therefore, the crosstalk power
can simply be added to the signal power. We assume the multiplexers and the
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Figure 6.1: Schematic of an optical path of one transmission stage from node i to node
i+1.

demultiplexers have identical characteristics with each channel causing the same amount of

. crosstalk into other channels. Also, each output of a space switch includes the same

amount of crosstalk from every other output. For a signal datum, the total homo-
wavelength crosstalk power is given by

K M-1 K+l N
P =§§C.’..daa+;§cmdm (6-1)

where K is the number of the signal transmission stages, Co. and Cipace are the crosstalk
ratios of the multiplexers/demultiplexers and the space switches, respectively, P, is the
optical power of the signal data ONEs, d is a signal data indicator defined as
d = {; e éumzmmos » Where r is the reciprocal of the signal extinction ratio. Here, we have

neglected the higher order terms of the crosstalk [28]. In the worst case, the total homo-
wavelength crosstalk power is

B = K(M -1)C2 R +(K +1)NC,,P. (6-2)

If it is assumed that the OOK signals have equal probability in data ONEs and ZEROs
and are statistically independent, the total crosstalk power is a binomial variable. It takes
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on, for example, the crosstalk from a space switch, [(K + 1)V +1] possible power levels
with a probability given by

B(B = CpufiR + [k +DN -} i}[[((g : 11))5]-!1']! ' 2"‘1"”

(6-3)
for i=0,1,.., (K+)N.

The bit error rate can be evaluated for each possible crosstalk power level, defined as

P;=C,. {iﬂ + [(K +1)N - i}-}’l }, at the receiver. Thus, the average bit error rate can

be obtained from
(k+1 -
P = ?;Nﬂ;?{fa exp(-£2/2)dr + f; exp(- t’/z)dz}a(i) 64)
= Tm -_(Sltsﬂ ) , = (SI + Sxf ) — T’P' (6-5)

O, m 14 T_N,,

where S, =%Rd,, and S,, =%£P, 4 are the electrical currents corresponding to the
signal and the crosstalk at the receiver, respectively, T, is the optimum decision threshold
which is chosen to' minimize the average bit error rate, and N, , is the current noise
power corresponding to data ONEs and ZEROs with the crosstalk power . The total noise
power is given by

Niuo; = Nopermai "'Nap-u-m
+ N . aguat, 10 + N, sgnal-spont, 1/0 (6-6)

+Ndm.m[k.i +Nan¢ulk-¢an,r'

The six noise terms are given as follows:

Noema = 1,5, 67
2
N pon-pon =(%) Ne./p(2B,B, - B)) 6-8)
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N, shar, 110 = 27,"_VR/oB¢ (6-9)
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e .
N signal~spont, 1/0 = 'IE) (2PIION anBc/ p ) (6’10)

2
e
N cncat, i =29~ P,, B, (6-11)

2
Nmmulk—m.t = 2(%) (2Px,lNu¢Bc/p) (6‘ 12)

where 7 is the quantum efficiency, e is the electron charge, £ is Planck’s constant, v is the
signal optical frequency, B, is the bandwidth of the optical filter, B, is the electrical
bandwidth of the receiver, and N,,, is the optical power of the ASE noise.

The crosstalk-spontaneous beat noise, the last noise term in equation (6-6) may
become comparable to the other noise terms at the receivers where the signal (and

-, crosstalk)-spontaneous beat noise dominates. Thus, the crosstalk impact on the

performance is intensified by the ASE noise,

The degradation evaluated by using the above model is a lower bound, when the
signal-crosstalk beat noise falls within the receiver bandwidth. To obtain an upper bound,
we consider the extreme case in which the crosstalk and the signal have exactly the same
wavelength and a negligible frequency chirp due to modulation. We consider the crosstalk
from the space switches and assume all the crosstalk channels are randomly polarized.
When i crosstalk channels have data ONEs, with Gaussian approximation introduced in
Section 4.3, we have the average crosstalk power and the signal power variance given by

B, =Cou (iR +[(K + DN - i}R} (6-13)
Oruios = ICopeuellyo +1°C2, P2 [2 (6-14)

They have the same probability distribution as given by equation (6-3). Again, we use
equation (6-4) to evaluate the average bit error rate, provided the noise term of the power
fluctuation due to signal-crosstalk beating is included in equation (6-6).
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Table 6.1: Values of the parameters used in the numerical calculations

Bit rate 2.5 Gb/s
Wavelength A 1550 nm
Receiver elactrical bandwidth B, 1.75 GHz (0.7 bit rate)
Equivalent thermal noise Iy 5 pAN(HZ)
Bandwidth of optical channels B, 02nm
Channel spacing 1.2 0m
Loss of a fiber link Lk 25dB

Loss of space switch Lopace 10dB
Crosstalk ratio of mux/demux Coux -20dB
Loss of mux/demux Lyx 2.5dB
Unsaturated gain of EDFAs Go 25dB
Saturation power of EDFAs Py 13 dBm
Spontaneous emission factor Ny 1.5

Input coupling loss of EDFAs Ln 2dB
Output coupling loss of EDFAs Lo 3dB

6.3 Numerical Resulits

The values of the parameters used in the following calculations are listed in Table 6.1.
We mainly consider the degradation due to crosstalk from the space switches. Other
crosstalk components are taken into account in the worst case. In this numerical example,
a general power penalty is defined as the ratio of the receiver sensitivity of an end-to-end
transmission to the receiver sensitivity of a single-stage transmission with no crosstalk
from the space switches. A relative power penalty is defined as the degradation of the
receiver sensitivity compared to the receiver sensitivity with no crosstalk from the space
switches. The average bit error rate is set to 10? for the power penalty evaluation.
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Figure 6.2: Power penalty as a function of crosstalk ratio of the switches for various
transmission stages with and without the ASE noise.

We consider moderate size network nodes with N = M =8. Figure 6.2 shows the
general power penalty as a function of the crosstalk ratio of the space switches under the
power addition assumption. Without considering the accumulated ASE noise, for 2 1 dB
power penalty, the crosstalk ratio is -16.2 dB for X =1 (one transmission stage), and -
20.5 dB for K = 8. Considering the accumulated ASE noise, for a 1 dB relative power
penalty due to crosstalk from the space switches, the crosstalk ratio is -18.5 dB for K = 1,
and -25.8 dB for K = 8. The vertical shift of the curves with the ASE noise shows the
degradation resulting from accumulated ASE noise. One part is contributed by
Spontaneous-spontaneous beat-noise. The other is due to the accumulated homo-
wavelength crosstalk from the optical multiplexers and demultiplexers, which beats with
the ASE noise. Compared with the results without the ASE, the crosstalk ratio is 5 dB
lower for a 1 dB power penalty with eight transmission stages. One can expect there is a
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Figure 6.3: Lower and upper bounds on the power penalty for three different numbers of
transmission stages.

larger difference for more transmission stages. The reason for this is that the ASE noise
intensifies the effect of homo-wavelength crosstalk.

The power penalties evaluated above with consideration of the ASE noise can be
thought of as a lower bound on the performance degradation. An upper bound on the
degradation considering the signal-crosstalk beat noise is shown in Figure 6.3. As shown
in the figure, the lower bound and the upper bound of the penalty approach the same
values as the crosstalk becomes very small. For a 1 dB power penalty due to crosstalk
from space switches, the crosstalk ratio is -32.8 dB for K = 1, and -38.5 dB for K = 8.
This requirement is hard to meet with general space switches, such as LINbO; based
waveguide switching arrays. For a 1 dB penalty, the difference between the acceptable
crosstalk ratios calculated from the upper bound and the lower bound is about 13 to 14
dB. To meet this requirement, an SOA-based optical space switch may be used.



6.4 Conclusions

We analyzed the end-to-end transmission performance of multi-wavelength optical
networks incorporating optical amplifiers and using wavelength dynamic routing. It has
been shown that the degradation due to homo-wavelength crosstalk is intensified by the
accumulated ASE in this kind of network. More stringent requirement on the components
of optical space switches is needed in order to obtain an acceptable end-to-end
performance. The upper bound on the degradation evaluated by considering the signal-
crosstalk beat noise gives an estimate for the worst-case situation which should be
considered in designing the multi-wavelength routing networks.
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7. Implications of Homo-Wavelength
Crosstalk on System Performance

7.1 Introduction

Optical crosstalk in optical networking and switching is one of the most important
factors degrading the system performance. As discussed in Chapters 4 and 6, optical
crosstalk can come from a number of different sources and behave quite differently in
terms of degradation effects and accumulation fashions. In this chapter, we will extend
our discussions on optical crosstalk in Chapters 4 and 6 and consider optical crosstalk for
more general situations including optical networking, switching, and transmission. Some
parts of the contents may be repeated to emphasize a few points.

In Chapter 4, we have considered homo-wavelength crosstalk for the performance
evaluation and used a simple Gaussian approximation to incorporate the crosstalk impact.
Also, in Chapter 6, we further investigate the end-to-end transmission performance in a
multi-wavelength optical network using a dynamic wavelength routing scheme. We show
that the performance degradation due to homo-wavelength crosstalk can be intensified by
ASE noise from optlcal amplifiers. In those two chapters, only a Gaussian approximation
is used for an upper bound estimation of power penalty. This may be enough for
engineering design and analysis. Further detailed theoretical and experimental studies are
required to fully understand this kind of optical crosstalk from its origin to its impact on
systems.

Most considerations on optical crosstalk is based on power addition assumption [28,
29, 120]. However, several recent experimental studies [122, 125] show that homo-
wavelength crosstalk has more serious impact on the performance as the signal-crosstalk
beating falls within the receiver bandwidth. Glodstein [125, 126, 127] carried out a series
of experiments on performance implications of homo-wavelength crosstalk in multi-
wavelength optical networks. In time-division switches, homo-wavelength crosstalk has
also been reported in [122). There are several Papers which present the theoretical analysis
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for performance degradation due to homo-wavelength crosstalk [78, 123, 128, 129, 130].
Most of these are based on Gaussian approximation for the signal-crosstalk beat noise.

In this chapter, we investigate homo-wavelength crosstalk and its impact on the
System performance both theoretically and experimentally. First, we survey several
mechanisms of homo-wavelength crosstalk. To evaluate its impact on system
performance, we use moment generating functions (MGF) to derive an accurate statistical
description of the signal-crosstalk beat noise. Then, a saddlepoint approximation is
employed to evaluate the performance degradation due to crosstalk. Further experiments
are carried out to verify the theoretical analysis.

7.2 Theoretical Analysis
7.2.1 Mechanisms of Homo-Wavelength Crosstalk

Optical crosstalk considered here is optical power sneaking from non-signal channels
into a signal channel. Optical crosstalk due to inter-modulation or cross-coupling such as

A gain saturation is excluded in the following analysis since this kind of crosstalk has to be

evaluated with different approaches. According to the wavelength, optical crosstalk can be
categorized into two main groups: hetero-wavelength and homo-wavelength.

Hetero-wavelength crosstalk has a different optical wavelength compared to the
signal, which falls outside of the bandwidth of optical filters in a system or before a
receiver. This kind of crosstalk can be easily reduced by sharpening the response of the
optical filters and its impact on the performance can be evaluated with a power addition
approach [28, 120]. Hetero-wavelength crosstalk is not-accumulative, but often it can
become homo-wavelength crosstalk to another signal as it transverses along more optical
components. At an optical detector, hetero-wavelength crosstalk is like a power
fluctuation reducing the signal extinction ratio. No beating would be expected for this
kind crosstalk. Crosstalk polarization has no effects on the performance degradation.
Randomness of the crosstalk data bits can be evaluated with either a worst case approach
or a statistical method by taking into account different combinations of crosstalk pattemns,
as discussed in Chapters 4 and 6.
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Figure 7.1: Schematic of a static wavelength routing node and its various crosstalk
components. Superscripts denote inputs and subscripts denote wavelengths. C, and C,
are the crosstalk ratios of mux and demux.

Homo-wavelength crosstalk has the same nominal wavelength as the signal. It passes
through any optical filter with the same attenuation as the signal. After the homo-
wavelength crosstalk is combined with the signal, there is no optical way to separate or
reduce it. In contrast to hetero-wavelength crosstalk, homo-wavelength crosstalk is more
detrimental to the system performance since beating between the signal and crosstalk
during detection would fall within the receiver bandwidth in high-speed systems using
narrow linewidth transmitter sources such as DFB lasers. The beating not only could
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Figure 7.2: Schematic of a dynamic wavelength routing node and its crosstalk
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introduce a periodic fluctuation of the received signal, but also converts the phase noise of
the optical sources to intensity noise. In the following, we concentrate our discussion only

on the homo-wavelength crosstalk.

There are various well-known mechanisms introducing optical homo-wavelength
crosstalk. Among them are optical wavelength reuse [28, 29, 125, 129, 130], four-wave
mixing of WDM channels [128, 131], optical muitiple reflections [123, 132], and acousto-
optic interaction in acousto-optical tunable filters [103, 104). Improper switching
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Figure 7.3: Schematic of a reconfigurable wavelength routing node and various crosstalk
components with an output signal.

architecture designs may also introduce homo-wavelength crosstalk [66]. Our discussions
will focused on optical wavelength reuse in optical networking and switching.

Spatial wavelength reuse is a very primary reason for introducing homo-wavelength
crosstalk. As we pointed out in Chapter 2, optical wavelengths similar to radio spectrum
are very limited resources over the useable transmission band of the optical fiber,
particularly when they are used for signal path routing. It is inevitable to reuse available
wavelengths spatially or in the time domain in order to meet the requirements for
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networking. Homo-wavelength crosstalk is introduced at optical routing nodes and/or
add/drop muitiplexers as the wavelengths are reused.

Three widely-discussed wavelength routing schemes are shown in Figures 7.1, 7.2 and
7.3. The first node structure has been discussed in Chapter 2 as a static wavelength
routing node. The second is the dynamic wavelength routing node discussed in Chapter 2
and 6. The last one is employed by the RACE project [19, 29] as a reconfigurable multi-
wavelength routing node. Two most important kinds of wavelength routing components
used in these routing nodes are optical filters and wavelength multiplexers/demultiplexers.
Optical space switches are utilized for dynamic wavelength configuration. The non-ideal
response of these components will introduce hetero- and homo-wavelength crosstalk at
wavelength routing nodes.

First of all, let’s see the crosstalk in a static wavelength routing node. Coming signals
over a fiber are first separated by optical demultiplexers, as shown in Figure 7.1. Due to
the non-ideal filtering response of the demultiplexers, there are residual (crosstalk)
channels along with each signal channel. Let’s take a signal at A, in the first input as an
example. After the first demultiplexer, C, - A,@G, -2, on the path A becomes crosstalk to
the signal at A, where C, and C; are the crosstalk ratios for the adjacent and next adjacent
channels in demultiplexers. Following certain internal connections, the separated signals
on the path A, B and C are multiplexed together into a single output fiber. The
multiplexing is just a reverse process of demultiplexing, and the same crosstalk ratios can
be assumed. The two crosstalk terms along with the signal at A, are reduced to C?a,

and C,*-A, and become homo-wavelength to other two signals at A, and A, respectively.

Accordingly, the signal at A, also has two homo-wavelength crosstalk components from
the path B and C, as shown in Figure 7.1. The homo-wavelength crosstalk will go with the
signals to the next routing node. At the following nodes, more homo-wavelength crosstalk
will be added to the signals, and hetero-wavelength crosstalk will be further reduced by
demultiplexers to be negligible.

The second and third cross-connects are all designed for dynamic wavelength routing.
In addition to the crosstalk components discussed just before, there is new homo-

97



y-'/ B ", Beat noise
: : >, crosstalk
Additive
crosstalk ; Filter
) : H response
B, B,
Additive crosstalk Beat-noise crosstalk

Figure 7.4: Classification of homo-wavelength crosstalk.

wavelength crosstalk resulting from the non-ideal switching of the space switches.
Traditionally, optical crosstalk in space switches is considered with the power addition
" assumption with no beating term [37]. However, with a narrow-linewidth optical source
such as a DFB laser, as signal wavelengths are precisely aligned, beating between a signal
and its crosstalk components will severely affect the system performance. The
performance degradation resulting from homo-wavelength crosstalk of the space switches
has been evaluated in Chapter 6 by using a Gaussian approximation.

The third routing node utilizes an optical splitter followed by optical filters as a
demultiplexer. There are two sources for homo-wavelength crosstalk. One is due to the
non-ideal response of optical filters. As shown in Figure 7.3, at the output side of the node
an optical combiner combines the signals with hetero- and homo-wavelength crosstalk
from different space switches. After this combination, two hetero-wavelength crosstalk
components to a signal become homo-wavelength crosstalk to the other two signal
channels. This is similar to the situation illustrated in Figure 4.3. It is important to note the
difference between the second and the third routing nodes in terms of their homo-
wavelength crosstalk ratios.
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Homo-wavelength crosstalk can be further classified into additive crosstalk and beat-
noise crosstalk according to whether the signal-crosstalk beating could fall within the
receiver electrical bandwidth. Although the additive crosstalk has the same nominal
wavelength as the signal, there is no signal-crosstalk beating because its beating with the
signal lies outside the receiver electrical bandwidth. The power addition approach can be
used to evaluate this kind of crosstalk. However, the additive crosstalk differs from
hetero-wavelength crosstalk in that it can be accumulated along routing nodes. Beat-noise
crosstalk is assumed to have the same central wavelength as the signal but statistically
independent optical phases. The signal-crosstalk beating converts the phase noise of the
optical sources to intensity noise which is called signal-crosstalk beat noise. In the
following subsection, we will present a detailed analysis of the beat noise crosstalk.

7.2.2 Theoretical Formulation

There are three main approaches for evaluating the system performance by
incorporating beat-noise crosstalk. These are Gaussian approximation [123, 130],
calculation with an actual probability density function of the signal-crosstalk beat noise
[104, 123], and numerical simulation [133, 134). Complexity of the last two approaches
limits them to be useful only for a small number of crosstalk components. A widely cited
Gaussian approximation was given by Gimlett and Cheung in [123] in which multiple
signal reflections from optical slices are investigated. With assumptions of low reflections
and negligible logic ZEROs’ power, a Gaussian approximation is applied to armive at that
power penalty due to crosstalk given by

Penalty = -5log[1-40*N -105"] (7-1)

where N is the number of crosstalk channels, C, is the crosstalk ratio in dB and Q=59 for
a BER of 10~

In this subsection we introduce the moment generating function (MGF) of the signal-
crosstalk beat noise in order to derive a more accurate statistical expression. On-off keying
(OOK) with a nonreturn-to-zero (NRZ) signal format is assumed for the signal and
crosstalk channels. For the sake of simplicity, we only consider crosstalk components just
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before the optical receiver regardless of their generating mechanisms. The optical power
for data ONEs and ZERO:s at the detector are P, and P, respectively, which are related
to the average received signal power P,,. as

2

P, = -l+_r P, (7-2)
2r

P, = Tor P, (7-3)

where r is the reciprocal of the signal extinction ratio.

The electrical field of the received signal with the crosstalk can be expressed as

E()= 2P...d,(t)ﬁ.(t)¢°40,t+¢,(t))+gJZQPudz(t)ﬁ:(t)cos(mJ+¢:(t» (7-4)

where N is the number of crosstalk channels, C, is the crosstalk ratio of the i-th crosstalk
component, ¢ and ¢ are the phases of the signal carrier and crosstalk carriers,
respectively, p,(z) and p,(z) are the unit vectors indicating the polarization states of the
signal and crosstalk channels, respectively. d_(¢) and d,(t) are the data indicators for the
signal and crosstalk channels, defined by

1, for ONEs

d,(1)= {r, for ZEROs (7-5)

Here, we assume that all crosstalk channels have the same extinction ratio as the signal.

The total detectable optical power at the receiver is computed by

g,@:L,,[(E,(,)+g5,(,))’]

B0+ 3 CPd) o
i=l ( -

+232 P [Ca,CH0P, (17,6 oo, 2+ 84,,0)

+33° 3" 2. [CE AL OpOP, €)cos{dw, -+ 84,,0)

inl fui+l
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where Lp[-] denotes the low-pass response of the photodetector, and Ao;=o - q,

Ab,; =9, -¢;, Ao, =, —0;, Ap,;; =¢, —¢,. The received signal current is given by

i) =5 P6) = REL(0) )

where n is the photodetector quantum efficiency, e is the elementary charge, v is the
optical carrier frequency in Hz, A is Planck’s constant, and R is the receiver responsivity.

The first, second, third and fourth terms on the right side of equation (7-6) represent
the signal power, the dc-component of the crosstalk, and the signal-crosstalk beating, and
crosstalk-crosstalk beating, respectively. Using one ohm load resistance for current to
voltage conversion, we have the output voltage after the low-pass filter of the receiver as

() =[" (e t)dre (7-8)

where A(t) is the impulse response of the low-pass filter.

From equation (7-6) it can be seen that several factors have strong effects on the
received signal. The first factor is the difference between the signal and crosstalk carrier
frequencies. If the frequency difference is larger than the receiver bandwidth determined
by A(t), the third term will be filtered out. Thus, only the de-crosstalk term needs to be
considered in the calculation if the crosstalk-crosstalk beating is negligible. From the
performance evaluation point of view, the homo-wavelength crosstalk can be treated as
hetero-wavelength crosstalk in this case. However, the worst case can happen if the
crosstalk channels have the same central frequency (wavelength) as the signal. The two
beat noise terms could be maximized. Even all the crosstalk channels are aligned with the
signal in their frequency, the beat noise also depends on their polarization states. If p,(z)

for all i are orthogonal to j,(t), the signal-crosstalk beating will disappear.

In addition to the central frequencies and the polarization states, the linewidth of the

optical sources also influence the beat noise. For a high-speed optical transmission system
(a bit rate > 500 Mb/s), DFB lasers with a linewidth of a few tens of MHz are used.

Hence, the linewidth of the optical sources is negligible in general compared with the
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receiver electrical bandwidth. Additionally, transient effects and chirp of the signal and
crosstalk channels, and asynchronization can reduce the beating effect.

Analysis of the homo-wavelength crosstalk including all related factors would be too
involved to be tractable. In the following, we only consider the worst-case, that is,

Ao,; =Ae,; =0, foralli
(7-9)

P.()B(e)=p()p,()=1, foralliand;
We further assume that crosstalk ratios for all crosstalk components are the same, C, =C,
for all , and A¢,, and A,  for all i and j are statistically independent variables with a
probability distribution given by

Pat)=5,  Mhe[-m ) (7-10)

To make the analysis tractable, we consider the beat noises for signal logic ONEs and
ZEROs separately, on the condition that K of N crosstalk channels have logical ONEs
during the detection. The probability is given by

N! 1

K\N-K) 2%" (-1

F(K)=

The bit error rate can be calculated by averaging BERs for signal ONEs and ZEROs over
different pattern combinations of the crosstalk components with the probability given by
equation (7-11).

First, we consider signal ONEs on the condition that X of N crosstalk channels have
logical ONEs. For the simplicity of derivation, we use the following notations

X5, =2RP, MJCT cos(Ad’u) =4, cos((p,,) (7-12)

X0, =2RF,r. V/E COS(M,',) =4, cos((p,,,). (7-13)
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We take the predominant beat noise term to illustrate the analysis as follows. The
probability density function (PDF) of random variable x,,, is given by [135]

l .
s )= , 4 < 4 (7-14)
P(x .u) 41— (x,J,,/Au )2 'x .u, 4,

Its moment generating function (MGF) can be found as
MGF,(s) = 1,(4,,5) (7-15)

where /,() is the modified Bessel function of order zero. Following the same way, we can
have the MGF of x, ,, as

MGF,, (s) = I,(4,,5) | (7-16)

Since the terms in the summation of the signal-crosstalk beat noise are statistically
independent, the MGF of the signal-crosstalk beat noise is given as

MGF, ,(s)= [MGF;.I (s)r : [MGF;.o (S)IN-K = [10(4.13)]‘[1 o(Al,os)]N-x- 7-17)

To calculate the BER for signal ONEs, we have to consider other two noise terms:;
thermal noise and shot noise. These two kinds of noises can be assumed to have a

Gaussian distribution. Hence, the total noise power, its PDF and MGF are expressed as
follows;

Orix =0 +C2, 1 x (7-18)
P(x )= 1 exp| - (x:.l.K - (il.K »2 (7-19)
sl Jano £1K 207k
s’a?
MGF,',x(s)=exp((i,_K)s+ 2‘-") (7-20)
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where o . is the total Gaussian noise power for a signal ONE. (il Jr) is the average

current including the de-crosstalk term.

The MGF of the received signal current for data ONE is obtained by multiplexing (7-
17) and (7-20). Thus,

MGE,K(S)=3"P[<"1.K>S+ —Sk lIo ,9)] [a(40s)] ™ @-21)

where
(ix)=R-[P, +(&+(N-K)r)C.B,]

2 _7r ,
Olx =O0u +O050.1x =138, +24’1.K)Bc

Al.l =2RP, MJEX_
A, =2RP,r[C..

Following the same way for deriving the MGF of the received signal ONESs, we can
have the MGF of received signal ZEROs, expressed as

MGF, ,(s)= exp((i“)s + s2°2:“ J[I.,(é,,,s)]‘[zo(A,.os)]"" (7-22)

where

(ox) =R [P, +(&+(N-K))C,.P,]

Oox =0 +Ohuox = I2B, +2¢{ir, )B,

4,, =2RP,r.[C.

Ayo =2RP,r*[C..
It is noted that if any optical amplifiers are involved in the system, the signal-

spontaneous beat noise and spontaneous-spontaneous beat noise can be either included in
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the total Gaussian noise or taken into account by multiplexing their MGFs to the right side
of equations (7-21) and (7-22).

In the following, a saddlepoint approximation method [136, 137] is adopted to
evaluate the average bit error rate using the MGFs given in equations (7-21) and (7-22).
Compared to other numerical methods [138], the saddlepoint approximation is simple and
accurate. A brief introduction to the principle of the saddlepoint approximation is given in
Appendix 7.1 at the end of this chapter.

With the saddlepoint approximation, the BER on the condition that K of N crosstalk
channels have logical ONES can be expressed as

R(E)=3[a. £0)+ 4..0) (-23)

where ¢, ,(a) and ¢_ «(a) are the upper and lower tails, respectively, which are

approximated by
9.x()= [2W;x(so.x )]—2 exP[‘l’o.x (So.x )] 5o >0 (7-24)
q_x(1)= [ZW;J(SI.K)F exl’[‘l’ut (Sur )} 5>0 (7-25)
Vo () = 10g] MGF, . (5)] - s — L0g(s) (7-26)
V1 (5) =l0g[ MGF, £ (s)] - s~ log(s) (7-27)

Sox and s, is the positive and negative roots of ), x(s)=0 and v, ,.(s)=0,

respectively.
By taking account of all possible data pattern combinations of the crosstalk channels,
the average bit error rate can be calculated as
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Figure 7.5: Power penalty versus crosstalk ratio for three different signal extinction
ratios with one crosstalk channel (N=1). For N =2, the effect of crosstalk-crosstalk beat

noise is compared. ‘xx’ indicates the curve with consideration of crosstalk-crosstalk beat
noise.

P =§%[q,x(am)+q_x(am )] [Number of ONEs = k] (7-28)

where a_, is the optimum threshold so that the average BER is minimized. To evaluate

the value of equation (7-28), s, x> Six and a,, have to be solved, numerically.

In the above analysis, we have deliberately ignored the crosstalk-crosstalk beat noise.
To take into account this beat noise term, we assume all crosstalk-crosstalk beat noise
terms in the summation are statistically independent in order to simplify the analysis. Thus,
the MGF of the crosstalk-crosstalk beat noise can be found as

MGF, (s)=[1,(2RC. B s) ™ (1-29)
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Figure 7.6: Power penalty versus crosstalk ratio for different numbers of crosstalk
channels calculated by using the saddlepoint approximation method with optimum
threshold setting.

Here, the higher order crosstalk-crosstalk beat noise due to logic ZERO:s of the crosstalk
channels has been excluded. It will be shown that the crosstalk-crosstalk beat noise is
negligible in practical systems. To include the crosstalk-crosstalk beat noise in the
evaluation, the right side of equation (7-29) can be directly multiplexed to the right sides
of equations (7-21) and (7-22).

7.2.3 Numerical Examples

In this section we present several numerical examples using the saddlepoint
approximation to evaluate a BER with the MGFs of signal-crosstalk and crosstalk-
crosstalk beat noises. The Gaussian approximation used in Chapter 4 and 6 are compared
with the MGF-saddlepoint approximation numerically. The worst case is always assumed
here, that is, the crosstalk channels are aligned with the signal in polarization and central

frequency.
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Figure 7.7: Power penalty versus crosstalk ratio for different numbers of crosstalk
channels, calculated by using the saddlepoint approximation method with a fixed threshold
setting.

To compare with experimental results in the next section, we assume an APD receiver
for the following calculations. The symbols and values of used parameters are listed in
Table 7.1. Shot noise introduced by the APD photodiode is assumed a white Gaussian
noise calculated by

aoran =26(M)’ F(MYRB,, +1,,,,)B, (7-30)

Figure 7.5 shows the receiver power penalty as a function of the crosstalk ratio with
N=1and N=2. For N =1, there are three curves plotted for three different signal
extinction ratios. As the signal extinction ratio decreases, the crosstalk introduces more
degradation since the ZEROs from the crosstalk channels contributing more to the
degradation and the ZEROs of the signal also get stronger beating with crosstalk ONEs.
With an extinction ratio of 10 dB, the crosstalk ratio at a 1-dB penalty is about 2.5 dB
lower than that with an extinction ratio of 20 dB. Further increasing the signal extinction
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Table 7.1: Symbols and values of the parameters used in numerical calculations

Symbols Parameters Default values
B, Bit rate 1 Gb/s

A, Wavelength 1300 nm

B, Receiver bandwidth 0.75B,

In Thermal noise 8.5 pA/NHz
n Quantum efficiency 0.85

(M) : Avalanche gain 10

FM) Excess noise factor 9

Liark Muitiplied dark current 20pA

ratio to 100 dB, we only relax 0.2 dB of the crosstalk ratio at a 1-dB penalty. An
extinction ratio of 20 dB would be enough in terms of degradation due to beat-noise
crosstalk. For the rest of the simulations, an extinction ratio of 10 dB is used so that
simulation results can be compared with experimental ones,
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k Figure 7.8: -Power penalty versus crosstalk ratio for different numbers of crosstalk
channels, calculated by using the Gaussian approximation method with optimum threshold
setting.

Other two curves for N=2in Figure 7.5 illustrate the effect of crosstalk-crosstalk beat
noise. ‘xx’ in the legend indicates the curve with crosstalk-crosstalk beat noise terms. At a
1-dB power penalty, there is almost no difference in crosstalk ratio. In the following
calculations of power penalty, the crosstalk-crosstalk beat noise is excluded in order to
speedup calculations.

For different numbers of crosstalk channels, their power penalties versus crosstalk
ratios are plotted in three figures, Figures 7.6, 7.7 and 1.8, by using three different
approximations. With the saddlepoint approximation method, the curves in Figure 7.6 are
calculated by setting optimum threshold levels, while the curves in Figure 7.7 are obtained
by using a fixed threshold level which is optimized to the signal without crosstalk. It can
be seen that setting a fixed threshold level enhances the power penalty, thus makes the
requirements stronger for the crosstalk ratio. The reason is that the optimum threshold
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Figure 7.9: For N =1, power penalty versus crosstalk ratio for two kinds of homo-
wavelength crosstalk. Three different approximations are used to calculate power penalty
for the beat-noise crosstalk.

level goes lower as the beat-noise crosstalk is introduced because signal ONEs have more
beat noise than signal ZEROs have. In general, any shift of the threshold level from its
optimum will introduce more error bits, thus a higher bit error rate. Hence, a dynamic
optimum threshold setting is required to achieve the best system performance when there

is beat-noise crosstalk.

In Figure 7.8, the power penalties are calculated with the Gaussian approximation by
setting an optimum threshold level, as used in Chapters 4 and 6. Compared with Figure
7.6, it is apparent that the Gaussian approximation overestimates the power penalties. This
is simply because a bounded PDF of the signal-crosstalk beat noise is replaced by a
Gaussian PDF.

To clearly compare the results evaluated with three approximations, three curves for
N =1 from Figure 7.6, 7.7 and 7.8 are plotted in Figure 7.9 with two extra curves for
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Figure 7.10: Tolerable crosstalk ratio with less than 1-dB power penalty versus the
number of beat-noise crosstalk channels. The curves with diamonds and squares are
calculated by using the saddlepoint approximation method.

additive crosstalk. For N > 1, the comparison among other curves follow the same trend
as shown in Figure 79 Compared with beat-noise crosstalk, additive crosstalk deduces
much less degradation. At a 1-dB penalty, the crosstalk ratio to the additive crosstalk can
be 10 dB higher than that to the beat-noise crosstalk.

Figure 7.10 shows the crosstalk ratio at a 1-dB penalty as a function of the number of
beat-noise crosstalk channels. With a fixed threshold level setting, the crosstalk
requirements are always more stringent than that with an optimum threshold level setting.
Another important point is that as the number of the crosstalk channels increases, the
curve calculated by using the Gaussian approximation approaches that calculated by using
the saddlepoint approximation with an optimum threshold level setting. That means the
Gaussian approximation can give a good estimation to the required crosstalk ratio for a
large number (N >4) of crosstalk channels. For N =4, the Gaussian approximation
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estimates only about 2 dB higher on the required crosstalk ratio than that calculated with
the accurate saddlepoint approximation. This conclusion Justifies our analysis approach
based on the Gaussian approximation used in Chapter 4 and Chapter 6.

7.3 Experimental Study

7.3.1 Experimental Setup

To study crosstalk effects on the system performance, three experimental setups are
used here. We start from a setup for studying hetero-wavelength crosstalk, shown in
Figure 7.11(a). Two DFB lasers operating at two different wavelengths of 1302.7 nm and
1307.5 nm are used as optical sources for a signal and a crosstalk channel. The signal is
generated by directly modulating the first DFB laser at 1 Gb/s with a PRBS word length of
2’-1. The signal extinction ratio is about 10 dB. The crosstalk channel from the second
DFB laser can have three crosstalk formats, namely, a CW light, a signal modulated
directly by the same PRBS driving signal to the first DFB laser, and a signal modulated
directly by a data sequence 1010 at 250 Mb/s from a pulse generator. The reason for using
the third crosstalk format is to de-correlate the signal and crosstalk channels. The signal
and crosstalk from the two DFB lasers are properly attenuated, then combined at a 3-dB
coupler. No polarization controllers are required for this experiment because of only an
additive effect of the crosstalk on the signal. Several optical isolators are inserted after the
DFB lasers and before the detector to avoid possible disturbance due to optical reflections.
The optical receiver is the BCP-5IR high-sensitivity Ge-APD, which is followed by a
BCP-210 BER tester.

The second experiment is designed to verify the theoretical analysis discussed in the
preceding section. Figure 7.11(b) shows the experimental setup. To avoid any chirp
resulting from direct modulation of a DFB laser, an external modulator is employed here
to generate a chirp free signal. A semiconductor laser-pumped Nd:YAG laser operating at
1318 nm provides CW light to the external modulator. The same PRBS generator and
BER tester as in the first setup are used for testing a BER and a power penalty. The signal
from the external modulator is splitted by a 1 x 2 coupler into two data paths. The upper
one is referred to as a signal path, the lower one as a crosstalk path. On the crosstalk path,
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Figure 7.11: Experimental setups for power penalty measurement. (a) Hetero-wavelength

crosstalk experiment. (b) Beat-noise crosstalk experiment using an external modulator.

about 1.2-km fiber delay line is inserted to de-correlate the carrier phases between the
signal and crosstalk channels. Before the two paths are combined, polarization controllers
are utilized to align their polarization states so that worst-case effect of the crosstalk could
be measured.

The third experimental setup as shown in Figure 7.12 is designed to investigate the
difference between the power penalty measurement using a single laser source and two

114



Conector

ISO ATT monitor
Wavelength . ~ ke
aveleng
monitor OSA = x
ATT ISO
PIN
FB 2p={c=> 5C Crosstalk
ISO ATT 0% channel
L Power
PRBS 27-1, monitor BER
Gen. |622Mb/s tester

Figure 7.12: Experimental setup for measuring power penalty using two separate DFB
lasers.

separate laser sources, and also how the wavelength difference between the signal and
crosstalk channels could affect the power penalty. In this setup, two DFB lasers operating
around 1553 nm are used to generate a signal and a crosstalk channel. Their wavelengths
are tuned by controlling their temperature with thermal-electric coolers, and monitored by
using an optical spectrum analyzer (OSA). The wavelength difference is measured in terms
of their peak wavelengths displayed on the OSA. Due to the change of operating
wavelength window, a PIN optical receiver (BCP-50R) is used to detect the optical signal.
The signal bit rate is set to 622 Mb/s. At this bit rate, the back-to-back receiver sensitivity
is -25 dBm at a BER of 10”. All other parts of the setup are similar to those of the second
experimental setup.

7.3.2 Resuits and Discussions

First, we measure the power penalty due to the hetero-wavelength crosstalk as a
function of the crosstalk ratio. Figure 7.13 shows the measured and calculated results.
Among three kinds of crosstalk forms, the CW crosstalk has the minimum impact on the
performance since it only degrades the signal extinction ratio. The crosstalk ratio at a 1-dB
power penalty is about -8 dB and there is no BER floor with a crosstalk ratio up to 5 dB.
As for two other kinds of hetero-wavelength crosstalk, the PRBS crosstalk has a little
stronger effect on the performance than that due to the 1010 sequence crosstalk. One
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A Figure 7.13: Measured power penalty versus crosstalk ratio for hetero-wavelength
crosstalk with three formats. The solid and dashed curves show calculation results.

possible reason for this is the correlation between the signal and crosstalk channels. The
crosstalk ratio of the PRBS crosstalk at a 1-dB penalty is -12.5 dB. The theoretical results
for the PRBS crosstalk is calculated by using the statistical approach discussed in Chapter
4. A very good agreement is shown in Figure 7.13.

Figure 7.14 shows the power penalty versus the crosstalk ratio of beat-noise
crosstalk. The results are measured by using the second experimental setup illustrated in
Figure 7.11(b). For the extenally modulated signal and crosstalk, the experimental results
agree well with the calculated ones by assuming a signal extinction ratio of 10 dB. When
the laser is directly modulated, a crosstalk ratio at a 1-dB penalty is about 3 dB less than
that with the external modulation. This we believe results from the chirp of direct
modulation which extends the bandwidth of the signal-crosstalk beat noise so that a part
of the beat noise falls outside the receiver bandwidth.

116



- Simulation . . .
41| = Experiment (External) | - - g f------1----to. o
& Experiment (Direct) : . . :

w
4

Power Penalty (dB)
N

40 35 30 25 20 5 .10 -5 0
Crosstalk Ratio (dB)

Figure 7.14: Measured power penalty versus crosstalk ratio for beat-noise crosstalk. The
solid curve is the results calculated by using the saddlepoint approximation with fixed
threshold setting.

Most of the reported experiments on homo-wavelength crosstalk were done by using a
single laser for the signal and crosstalk channels, Here, we use two separate lasers to
measure the power penalties due to homo-wavelength crosstalk. Two DFB lasers are
aligned in their peak wavelengths by adjusting their temperature. Figure 7.15 shows the
experimental results and comparison of the results measured by using a single laser. It can
be seen that a single laser has accurately simulated two separate lasers with a sufficient
long delay between the signal and crosstalk channels. CW homo-wavelength crosstalk
imposes a lower degradation than the PRBS crosstalk does.

Using two separate lasers, we further study the influence of the wavelength difference
between the signal and the crosstalk on degradation. The power penalty as a function of
the peak wavelength difference between the signal and the homo-wavelength crosstalk is
shown in Figure 7.16. The results are measured by using the third experimental setup as
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Figure 7.15: Comparison of measured power penalties by using a single laser and two
separate lasers for beat-noise crosstalk.

illustrated in Figure 7.12 with a crosstalk ratio of -18 dB. The signal peak wavelength is
fixed at 1553.2 nom while the crosstalk peak wavelength is tuned by changing the
temperature of the second DFB laser. It can be seen from Figure 7.16 that the beat-noise
effect of the homo-wavelength crosstalk decreases as the peak wavelength of the crosstalk
is shifted away from the peak wavelength of the signal. As for the PRBS crosstalk, the
wavelength range for generating signal-crosstalk beat noise is larger than that for the CW
crosstalk because of a wider linewidth due to chirp of direct modulation. When the peak
wavelength of the crosstalk channel is far from the signal peak wavelength (> 0.04 nm),
we only have the penalty due to additive crosstalk (about 0.2 dB penalty).

As for the signal and crosstalk generated by directly modulating the lasers, we find the
second peak of power penalty. It is somewhat a strange phenomenon. Further study on the
optical spectrum of the crosstalk channel shows that the second peak of power penalty is
due to asymmetrical spectral broadening resulting from chirp [139], which is shown in
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Figure 7.16: Measured power penalty versus peak wavelength difference between the
signal and the crosstalk channel. There are two formats of crosstalk, CW light and direct
modulated data.

Figure 7.17. This phenomenon becomes very important when the minimum wavelength
shift is considered to avoid the beat-noise effect of homo-wavelength crosstalk. The
wavelength range for generating beat-noise is 0.03 nm and 0.05 nm for CW and directly
modulated crosstalk without considering the second penalty peak, respectively, which
corresponds to 3.75 GHz and 6.3 GHz. As the bit rate increases, a wider wavelength
range would be expected.

7.4 Conclusions

Homo-wavelength crosstalk is a primary kind of optical crosstalk, particularly as
optical wavelengths are reused for wavelength routing. Three basic kinds of optical
wavelength routing nodes have been discussed in terms of the mechanisms of homo-
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Figure 7.17: Optical spectrum of a directly modulated DFB laser at 622 Mb/s.

wavelength crosstalk. According to its impact on system performance, homo-wavelength
is categorized into additive and beat-noise crosstalk.

As for beat-noise crosstalk, the signal-crosstalk beat noise is studied with its moment
generating function. Further, a simple and accurate numerical method, the saddlepoint
approximation, was employed to evaluate the system performance. With the numerical
examples, we find the Gaussian approximation used in Chapter 4 and 6 can give good
estimates for the required crosstalk ratio at a 1-dB power penalty.

The experimental study on the homo-wavelength crosstalk has verified the MGF-
saddlepoint approach for performance evaluation by comparing the experimental results
with the calculated ones for a single crosstalk channel. With two separate lasers, the effect
of wavelength shift between the signal and the crosstalk has been investigated. It was
found that there can be another power penalty peak in addition to one at the peak
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wavelength for directly modulated signals. The study in this chapter provides an insightful
understanding of homo-wavelength crosstalk for optical networking and switching.

Appendix 7.1 Saddlepoint Approximation

Following [136, 137] the saddlepoint approximation is derived as follows.

Let ¢,(a)and g_(ax)denote the upper and lower tails of a continuous variable with the
probability density function (PDF) P(x)

q.(c)= [ P(x)ix @A7-1)
¢-(@)=[" PGx)r. (A72)

The moment generating function (MGF) of P(x) can be found by taking bilateral Laplace
transform, as

MGF(-5)= [ P(xle=ax (A7-3)

The PDF P(x) is equal to inverse integral
1 ferse o
Px)=5 =] MGF(-s)eds (A7-4)

where C is the convergence region of the transform,

Replace P(x) in equation (A7-1) by (A7-4) and choose the integration contour such
that C> 0 to guarantee convergence of the integral. Thus,

1 perso e™
q+(a)—2—m. _L o MGF(- S)Tdv, C>0 (A7-5)

Then, the parameter C is chosen to be the value of s for which the integrand is minimal. It
turns out that this point s = s, corresponds to a saddlepoint in the complex plane.

We express the integrand in terms of its phase function defined by
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explw(s)] =1 exp(~ s0) MGF (s) (A7-6)
Further, y(s)can be expanded in a Taylor series around the point s =5,
V)= wlso) + 5w (s )s—s) + .. A7-7)

where the first derivative disappears since s = S, is an extremum of y(s).

Substitute (A7-7) into (A7-5) and neglect higher order terms, we have the zero-order
saddlepoint approximation

0.@= el e - 1w G o
= ey )] ()]

The parameter s, is the value of s for which y(s) has a minimum, equal to the positive
root of the equation

(A7-8)

vi(s)=0. (A7-9)

For the lower tail, analogously to (A7-8), we have

q.(a)z[zw'(s,)]"; exp[w(s)] | (A7-10)

with s, equal to the negative root of equation (A7-9).

The approximation can be improved by including higher-order terms as shown by
Helstrom [137).
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8. Fundamentals and Characterization of
Semiconductor Optical Amplifiers

8.1 Introduction

Semiconductor optical amplifiers (SOAs) are one of the two most widely used optical
amplifiers. In contrast to erbium doped fiber amplifiers (EDFAs), small-size and electrical
pumping properties of SOAs make them attractive for many applications such as photonic
switching, optical interconnection, and photonic integration for optical transmitters and
receivers. Recently, several major breakthrough have been made in multiple quantum well
(MQW)-SOAs [98]. SOAs with a high-gain, low gain ripples, low noise, low polarization
sensitivity, and high saturation power have been reported [142).

In this thesis, SOAs as optical switching gates are one of basic components in the

. Proposed optical cross-connect. Starting from this chapter, the following three chapters

concentrate on SOA applications in photonic switching. In this chapter, we first present
the principles of SOAs, with emphasize on their gain and noise characteristics. After the
introduction of the principles, available SOAs are tested and characterized for switching
applications.

8.2 Principles of Semiconductor Optical Amplifiers

8.2.1 Gain Characteristics

Figure 8.1 shows a schematic diagram of an SOA with active region width w,
thickness d, and length L. Optical amplification in the SOA takes place in its active region.
For a traveling-wave SOA, the input and output facets are anti-reflection coated with

reflectivity R, = R, <107*.

The material gain coefficient per unit length, g, can generally be expressed as [143,
144)
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Figure 8.1: Schematic diagram of a semiconductor optical amplifier.

g =a(N-N,)-a,(r-2,) - 8-1)

where a, and a, are the gain constants, N is the carrier density, N, is the transparency
carrier density, and A » is the peak gain wavelength which can be related to the carrier

density by
hp=ho—ay(N-N,) (8-2)
with a constant a, and the peak gain wavelength A, at the transparent state. The net gain

per unit length can be calculated by considering the power distribution of the guided
modes and the loss of the cavity, as

g=Ig -a (8-3)

where I is the optical confinement factor, o is the effective loss coefficient. Thus, the total
gain of the SOA will be

G=E,/P, =exp|(Tg, -a)-L] (8-4)

where F, and P, are the input and output power of the signal being amplified.
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From equations (8-1) to (8-4), it can be noted that the optical gain of the SOA is
wavelength dependent. As the carrier density increases, the wavelength at the gain peak
shifts to a lower one. The 3-dB optical bandwidth for the unsaturated SOA can be

estimated as [144]

{ In2
204=2 a,_rL (8-5)

The carrier density in the SOA can be obtained by solving the well-known rate
equation [139]

I
%:;-R(N)-Sm -S (8-6)

where ¥V = wdL is the active volume, R(N) is the spontaneous recombination rate, / is
the injection current, e is the elementary charge, S, is the recombination rate due to the
stimulated emission caused by the input optical signal, and Soow 1S the recombination rate
" dueto amplified spontaneous emission (ASE).

The spontaneous recombination rate R(N) can be modeled by [139]

R(N)= AN +BN? +CN? - @3-7

where 4, B, and C are the coefficients corresponding to non-radiative recombination,
radiative recombination, and Auger recombination, respectively. A simple recombination
rate is often assumed to estimate the gain saturation effect,

RN =tﬁ (8-8)

where t_ is the equivalent camier life time.

The recombination rate due to the stimulated emission caused by the input signal is
calculated by [145]

= .PA . i(eﬂ - 1) 8-9)
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where P, is the optical input power, & is Planck’s constant, and v is the optical frequency
of the signal. The recombination rate due to ASE is given by [145]

o
S o =Z%’-21e¢o[e = I ] (8-10)

where R, is the spontaneous emission rate, and B is the fraction of the spontaneous

emission coupled into the guided modes. In general, the term S, is negligible as it only
incurred a small correction [146].

By setting dN/dt =0 in the rate equation and using equation (8-8), we can have [144,
147]

8 -
& =1rP/P, @-1)

where g, is the unsaturated material gain coefficient, P, is the intemal saturation power,
which can be approximated as follows by setting the loss coefficient & to zero.

hv(wd)
P, = Tar. (8-12)

A lumped SOA model for the gain saturation has been widely used for estimation of
the system performance [97, 147]. The saturated gain can be simply calculated by

P =S %) (3-13)

where G, is the unsaturated gain. A quantity of practical interest is the output saturation
power P, defined as the output power for the amplifier gain G reduced by 3 dB from its
unsaturated value G, . From equation (8-13), P., can be expressed as

. G,ln2
P =G5 P (8-14)

For a large unsaturated gain, G, >> 2, P, = 069P,, .
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In practice, even AR-coated facets will exhibit some residual reflectivity. Thus, small
gain ripples can be observed from the gam profile of SOAs. To take optical reflections of
the facets into account, we can calculate the optical gain at a frequency v using the
following equation [145, 148]

(1-R)1-R)G, @15
(1+JT¢'R7 G.) +4/RR;G,sin (v -vo)/av]
where G, is the single pass gain, R, and R, are the input and output residual facet
reflectivities, respectively, v, is one of the F-P resonant frequencies, and Av is the free-
spectral range of the SOA. A well-designed SOA can have gain ripples less than 0.5 dB.

In addition to the gain dependence on the signal wavelength, the SOA gain is also
dependent on the polarization of the input signal. Due to different optical confinement
factors for TE and TM polarizations, ie, I'p =Ty, the G, and G can differ as
much as 5~8 dB [147]. The gain dependence on polarization is undesirable for most of
lightwave and optical switching systems. Several schemes have been devised to reduce this
gain dependence, such as using two SOAs or two passes through the same SOA [147,
149]. The most recent approach for reducing the polarization sensitivity is using mulitiple
quantum wells (MQWs) with alternating tensile and compressed strains in the active
region of an SOA [98, 150]. With this scheme, the gain difference caused by different
confinement factors is compensated by different material gains. The polarization sensitivity
can be less than 0.5 dB as shown in the next section.

8.2.2 Noise Characteristics

Optical output from any optical amplifier is composed of an amplified optical signal
and amplified spontaneous emission (ASE) of a broad spectral width. The ASE is
generated randomly in the amplified medium, creating interference both between the ASE
and the signal, and between ASE components. According to the photo-statistic master
equation [151, 152), the average photon number at the output end of the optical amplifier

(n...) and the variance o2, are
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(M) = G{m, ) +(G ~ D pAv (8-16)

O =G(n) +(G -, pAv+2G(G - D y(n,)

+(G-1)n2 pAv + GZ((,,;)_(,,ﬁ)z ~(n)) (8-17)

where n_, is the population inversion factor or called the spontaneous emission factor, Av

is the equivalent noise bandwidth and P is the effective mode number for transverse modes
from 1 to 2, y is the excess noise coefficient for signal spontaneous beat noise, which is
determined by the gain and reflections. For TW-SOAs, x =1. The terms on the right side
of equation (8-17) represent the amplified signal shot noise, ASE shot noise, signal-ASE
beat noise, spontaneous-spontaneous beat noise, and signal excess noise. The signal excess
noise disappears when the input signal is completely coherent [148], that is

(n,f,)—(nh)z =(nh) - The two beat noises dominate the total noise since the beat noise
levels are G times larger than the shot noise levels, as shown in equation (8-17).

Generally, the second term in equation (8-16) is referred to as amplified spontaneous
emission noise. Its power can be expressed as

R, =(G-Dn,phvav (8-18)
where the spontaneous emission factor is given by [148)

___N I'g
* N-N, Ig-a (8-19)

n

which is ranged from 1.4 to 5 for SOAs.

Another parameter characterizing the noise property of an SOA is its noise figure
which is defined by the degradation in the signal-to-noise ratio (SNR) values before and
after amplification. As the signal-spontaneous beat noise dominates over the spontaneous-
spontaneous beat noise, the noise figure F, can be reduced to the simple expression

F,=2n,, (8-20)
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For ideal optical amplification with n, =1, the noise figure will be 2 or 3 dB, which is the
minimum noise figure limited by the quantum characteristics of photons.

The derivation of equatiori (8-17) does not require the photon detection process. That
means, the photon number fluctuation is an intrinsic process during the optical
amplification. However, it is interesting and useful that almost the same results can be
obtained by considering the square-law detection of an amplified signal with ASE noise.
The total noise power of the received signal is given by [97, 116, 117]

63 =Nypma + N, +N, .. +N, ..

=3B, +2enB,(GP,, + B, )+ 21*GP, P, (8-21)

B

uc B ase BZ (B 8/2)

where 7 is the quantum efficiency of the photodetector, B, is the effective electrical
bandwidth, and B, is the optical bandwidth of the filter before the detector. The last two
terms represent signal-spontaneocus beat noise and spontaneous-spontaneous beat noise.

In practical amplified fiber transmission systems, the input and output coupling losses
have to be taken into account when calculating the beat noises. By doing so, the first three
noise terms in equation (8-21) become

Nuy =2en8L,.(GL,P, +P,,) (8-22)
N, . =4GP LI’ P_B.[B, (8-23)
Na.n-—uc = "IszL:- ‘28—82‘-(80 - BC/Z)' (8'24)

where L, and L, are the input and output coupling losses of the SOA, respectively.
All the noise terms can be assumed to be Gaussian noise processes with reasonable
accuracy for performance evaluation. Equations (8-21) to (8-24) have been used in the
analysis in Chapter 4 and Chapter 6.
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8.2.3 System Applications

In optical fiber transmission systems, SOAs can be employed as power boosters, in-
line amplifiers, pre-amplifiers of optical receivers, and switching gates. Two main issues
are involved in the performance of SOA-based systems. One is the ASE noise as discussed
in the last section, the other is the gain saturation due to high input optical power. In
general, for one input signal channel, the lowest input power level is limited by the ASE
noise, while the highest one is often restricted by the gain saturation.

In contrast to EDFAs, SOAs have a much faster gain recovery time of less than 1 ns
due to their short carrier life time. At a low bit rate (< 1 Gbfs), the gain saturation simply
degrades the signal extinction ratio as data ONEs and ZEROs have different gains. At a
much higher bit rate (> 10 Gb/s), the average saturated gain for data ONEs and ZEROs
can be assumed, although the data pattern effect due to waveform distortion may be seen
in the amplified signal. As the bit rate falls within 1 to 10 Gb/s, the signal will be degraded
by both the reduction of the extinction ratio and waveform distortion as the SOAs are
saturated.

Furthermore, if WDM signals are simultaneously amplified by an SOA, the gain to
each WDM signal will be modulated by other signals when the SOA is saturated. This is
- because as the gain is modulated by one of the WDM signals, the remaining signals are
subjected to the same modulation due to homogeneous gain saturation. This phenomena
is well known as the cross-gain modulation [97]. It should be noted that for equal-power
input WDM channels, the saturation power for each channel becomes /N . In addition to
the cross-gain modulation, WDM signals with an equal frequency spacing also suffer from
another kind of inter-modulation crosstalk induced by a non-linear effect known as four-
wave mixing as their frequency spacing is narrowed to a few GHz [96, 115].

SOAs can be applied to a variety of optical functional devices [78, 93]. One of the
most important applications is to switch optical signals. As switching gates, three main
issues are closely related to the system performance. First, the contrast ratio of SOAs has

to be sufficiently high in order to achieve the required system performance. The contrast
ratio can be improved by lowering the injection current for the OFF state. The second
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issue is the input dynamic range of SOAs. This is more important in a switching system
than in a point-to-point transmission system. As mentioned before, the dynamic range of
an SOA is determined by its noise characteristic and saturation power. The last one is the
switching speed of SOAs. The speed is primarily determined by SOAS’ carrier lifetime [77,
78]. Since the carrier life time is dependent on input signal power, the speed can be
improved by increasing the input optical power. Among three issues the contrast ratio and
switching speed will be measured and estimated in the next section, the input dynamic
range will be studied in detail in Chapter 9.
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Figure 8.2: (a) Fiber-to-fiber gain versus injection current for five different input power
levels. (b) Fiber-to-fiber gain versus optical input power at different injection currents.
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Figure 8.3: Gain profile of the SOA at different injection currents.

8.3 Characterization of Semiconductor Optical Ampilifier

The SOAs used in the experiment in Chapter 4 and the next chapter are specially
designed for their low polarization sensitivity with a ridge waveguide structure. A
combination of 3 tensile strained QWs and 4 compressively strained QWs (3T/4C) is used
to compensate for the gain difference for TE and TM modes. To reduce the facet
reflections, the chips contain a 10-degree angled strip and AR coatings. All optical gains
are tested at a wavelength of 1318.6 nm. The results are for a typical packaged SOA and
tested at a temperature of 25 °C unless stated otherwise.
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Figure 8.4: (a) Fiber-to-fiber gain versus temperature of the SOA at different injection
currents. (b) Peak wavelength of the gain profile versus temperature of the SOA.

8.3.1 Gain
Figure 8.2(a) shows the fiber-to-fiber gain as a function of the injection current for
different input optical power levels. At a low input power level the gain can be up to 10
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Gain Difference (dB)

Figure 8.5: Difference of the maximum and minimum gains versus injection current.

dB at an injection current of 100 mA. Gain saturation characteristic is shown in Figure
8.2(b) for different injection currents. The output saturation power up to 7 dBm can be
calculated from the figure.

The gain spectra versus wavelengths at different injection currents are shown in Figure
8.3. These gain profiles are derived from the spontaneous emission spectra by calibrating
the gain at a wavelength of 1318.6 nm. It can be seen that the gain peak is shifted to a
shorter wavelength as the injection current increases. The 3-dB optical bandwidth is about
40 om.

Temperature sensitivity of the optical gain and gain profiles are also tested. Figure
8.4(a) illustrates the change of the fiber-to-fiber gain with SOA’s temperature. A gain
change of up to 4 dB is observed for the temperature change from 0 to 40 °C. The

change of the peak wavelength of the gain profile is about 15 nm for the same temperature
range, as shown in Figure 8.4(b). From Figures 8.3 and 8.4, it can be concluded that the

gain change at a wavelength shorter than the peak wavelength would be larger than 4 dB
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Figure 8.6: Contrast ratio versus optical input power for different combinations of
injection currents for the ON and OFF states.

since the gain spectral profile shifts to a longer wavelength with the increase of
temperature.

The SOA that we tested performs very well in terms of polarization sensitivity. The
maximum and minimum gains have been measured by adjusting the polarization state of
the input signal and are shown in Figure 8.5. It can be seen that the polarization sensitivity
is less than 0.5 dB at the injection current from 40 mA to 160 mA.

8.3.2 Contrast Ratio

Figure 8.6 shows three sets of contrast ratios with different combinations of injection
currents for the ON and OFF states. A high contrast ratio over 55 dB can be achieved
with this SOA. Due to the gain saturation in the ON state and the saturated absorption in
the OFF state, the contrast ratios deteriorate as the input optical power increases over -10
dBm. It can be seen that the contrast ratio of an SOA strongly depends on its gain in the
OFF state since increasing the injection current for the ON state does not change the gain
very much. Although a low injection current for the OFF state is preferred for a high
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Figure 8.7: Fiber-to-fiber noise figure versus injection current of the SOA.

contrast ratio, but it will increase the switching rise time [77, 78] and may also make it
difficult to protect the SOA.

8.3.3 Noise Figure

Figure 8.7 shows the measured fiber-to-fiber noise figure versus the injection current
of the SOA. The maximum and minimum noise figure curves correspond to the minimum
and maximum gains measured by adjusting the polarization state of the input signal. The
input optical power is set to -20 dBm. For an injection current of over 100 mA, the
minimum noise figure is less than 7.5 dB.

8.3.4 Switching Speed

Due to a lack of a high-speed pulse generator, the speed of switching has not been
fully characterized. Only the electrical modulation response was measured as illustrated in
Figure 8.8. The 3-dB bandwidth is about 600 MHz at an optical input power of 3 dBm.
Thus, its rise time can be estimated to be about 580 ps. Reducing input optical power to -
10 dBm, the rise time increases up to 850 ps. The measured rise times are longer than the
reported results [153]. This could be improved by optimizing the packaging design.
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Figure 8.8: Frequency response of the SOA modulated by an injection current. The RF
input power is 22 dBm and the optical input power of the SOA is 3 dBm.

In addition, other four SOAs of the same kind have also been tested. Figure 8.9 shows
the fiber-to-fiber gains and noise figures as functions of the injection currents. Two of
them have no temperature controllers as indicated by ‘nc’ in the legends. These four SOAs
show similar optical gains and noise figures as one that we tested before.

8.4 Conclusions

In this chapter, the fundamentals of semiconductor optical amplifiers were briefly
introduced. The gain and noise characteristics were discussed in detail. Also, the several
important system issues were addressed. Further, we presented the tested results of a
typical SOA used in our system demonstration and experiments. The SOA performs very
well in terms of polarization sensitivity, contrast ratio, and noise figure. The same type of
SOA will be further investigated from a system point of view in the next chapter.
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9. System Applications of Semiconductor
Optical Amplifiers

9.1 Introduction

In Chapter 8, we characterized available SOAs, but only on a component level basis,
From a system point of view, other issues in SOA-based optical switching systems have to
be considered [154, 155, 156, 157). One of these is an input dynamic range. Optical
switching systems should be designed to have a large input dynamic range to accept
different input signal power levels. Several papers [146, 156, 157, 158] investigated an
input dynamic range of SOAs by using numerical simulation but only very few
experimental studies were done [57, 155). Most of simulation studies were based on
lumped SOA models [146, 157] with no direct comparison with experimental studies. In
this chapter, we concentrate on the transmission performance of SOA-based switching
Systems, particularly the input dynamic range. First, experiments are carried out to
measure the input dynamic ranges of an single-stage SOA system and a three-stage SOA
system. Then, numerical simulations are used to compare with the experiments and to
further predict the performance at higher bit rates.

9.2 Transmission Experiments

9.2.1 Experimental Setup

The experimental setup for an SOA-based system is shown in Figure 9.1. Figure 9. 1(a)
is for a single-stage SOA system. The transmitter is a directly modulated DBF laser
operating at 1302.7 nm. The signal is a PRBS of a length 27-1 at a bit rate of 1 Gb/s, At
the receiver end, an optical filter with a bandwidth of 1.6 nm is inserted before the receiver
to reduce the ASE noise. The signal is detected by a high-sensitivity Ge-APD receiver and
then fed to a BER tester. Optical isolators are utilized before and after the SOA in order to

avoid reflections.

140



100 mA

DFB laser '’
= SOA => A
ATT  lIsolator :  Isolator Fpor ATT
PRBS | 1 Gos, gi:r
Gen. | 2'-1 APD receiver
@

P

SOA-1 7% {SoA-2 == soas ]
ATT Isolator ATT Isolator
(®)

Figure 9.1: (a) Experimental setup for a single-stage SOA system. (b) Setup for a three-
stage SOA system.

To compensate for splitting losses in a large switching system, we may use an SOA at
each input and output as an in-line amplifier. This is referred to as a three-stage SOA
system. For a three-stage SOA system, the setup in Figure 9.1(b) replaces the single SOA
in Figure 9.1(a). The losses of 11 dB between the SOAs are set to simulate the splitting
loss and typical insertion loss in an 8 x 8 SOA-based switch.

9.2.2 Results and Discussions
In the following, the power penalty is defined as the increase in the receiver sensitivity
at a BER of 10” for a certain input power level compared to the back-to-back sensitivity,

and an input dynamic range is defined as the optical input power range within which a
system introduces a power penalty of less than 1 dB.
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Figure 9.3: Power penalty versus optical input power for three different injection currents
of the SOA in the single SOA system.
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Figure 9.2 shows the BER as a function of the received optical power for a single-
stage SOA system with an injection current of 100 mA. At a very low input power level
such as -30 dBm, there is a relatively large power penalty of about 2.5 dB. As the input
power increases, the power penalty goes down, and then goes up again. To illustrate this
penalty trend clearly, we measured the power penalty against the input optical power.
Figure 9.3 shows the penalty curves for three different injection currents of the SOA. At a
low input optical power, the power penalty mainly results from SOA’s ASE noise since
there is too much ASE noise compared with the signal [57, 155]. As the input power
increases, it can be expected that the penalty due to ASE noise decreases. However,
further increasing the input optical power will saturate the gain of the SOA and introduce
new degradation, which results from the gain reduction and waveform distortion [57,
158]. Thus, there is the optimum optical input power level at which the total effect of ASE
and gain saturation is minimized. The optimum input power for the tested SOA is about -
15 dBm at injection currents 100 mA and 125 mA, and -10 dBm at an injection current of
80mA.

By comparing the power penalties for three different injection currents of the SOA, it
is noted that at the low input power side, a higher injection current makes a higher gain
thus a lower penalty, while at the high input power side, the same higher injection current
renders a lower input saturation power as shown in Figure 8.3(b) thus a higher penalty.
For the injection currents of 125 mA, 100 mA, and 80 mA, the input dynamic ranges are
21dB, 22 dB, and over 25 dB, respectively. An SOA with a lower injection current tends
to have a wider input dynamic range.

It should be pointed out that the power penalty for high optical input power in Figure
9.3 might be under-measured because of a non-ideal electrical driving signal to the DFB
laser. The reason for this is that the gain saturation could ‘correct’ a non-ideal optical
signal by mitigating the distortion in the optical signal [159). When we use long PRBS
word lengths of 2'*-1 and 2%-1, we observed some negative penalty, that is, an improved
receiver semsitivity compared to the back-to-back ome. To reduce this effect on
measurement, the shortest word length of 2’-1 is used for all measurements,
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Table 9.1: Three current combinations for a three-stage SOA system

Injection currents SOA 1 SOA 1 SOA 1
Combination 1 100 mA 100 mA 100 mA
Combination 2 70 mA 100 mA 150 mA
Combination 3 150 mA 100 mA 70 mA

For the three-stage SOA system, we use three combinations of injection currents as
listed in Table 9.1 in order to study the influence of the SOA gains on the power penalty
and input dynamic range. The total unsaturated gains for all three combinations are
approximately the same.

Figure 9.4 shows the measured BER as a function of the received optical power for
the first combination of injection currents. Input optical power of the first SOA is set at -
20 dBm. For this combination, optical isolators improve the receiver sensitivity by 0.15
dB.

For the second and third combinations of injection currents, the power penalty is
measured against the optical input power, as shown in Figure 9.5. At a low optical input
power level, the third combination performs better than the second combination as the
System performance is limited by the ASE noise, whereas at a high optical input power
level, the second combination performs better than the third combination as the system
performance is limited by the gain saturation. Although a high injection current of the first
SOA (high gain and low noise figure) can extend the input power level to the lower end,
the high gain makes the SOA easily saturated so that the highest optical input power is
lower. The systems with the second and third combinations of injection currents have
approximately the same input dynamic range, about 11 dB. From Figure 9.5, it can also be
seen that optical isolators do improve the system performance at the low optical input
power end, while at the high input power end the curves show better performance with no
isolators. A possible reason is that as the SOA is saturated, the backward ASE noise with
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a complementary form of the input signal could compensate for the degradation due to the
gain saturation of the first and/or second SOAs.
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9.3 System Simulation

Figure 9.6 shows the schematic diagram of the simulated SOA system, which is similar
to the experimental setup in Figure 9.1(a). A time-domain model is used to simmlate this
system. For the sake of simplicity, several assumptions are made hereafier. First, we
neglect all effects of fiber except for its attenuation. Second, we assume that the an ideal
electrical signal from a PRBS generator directly modulates a DFB laser with an ideal
response. Third, optical isolators are used between SOAs so that any reflections and
backward ASE noise are ignored. Also, ideal clock recovery (timing) is assumed for the
threshold detection.

9.3.1 System Model

First of all, we describe the model of SOAs used in the simulation. To effectively
incorporate the gain saturation effect, we use a distributed numerical model of the SOAs
[78, 160] instead of a lumped model. As shown in Figure 9.7, an SOA is divided into M

sections (M = 20), each of which is assumed to have a constant carrier density N (z,,, ,t,,).
At each time step ¢,, the carrier density at the m-th section is obtained by solving the

following difference rate equation

N(@,.t, )-N(z,,¢,_, I
(z k)At (z k )=eV-R(N(z_,t,,))-S,,,,,, z,,,t,) ©9-1)

where m is the section index,  is the time index, I is the injection current, ¥’ is the cavity

volume, e is the elementary charge, R(N(z,,,t, )) is the spontaneous recombination rate

given by equation (8-7), and S nat (z,, ,t,) is the recombination rate due to the stimulated

emission caused by the signal. Here, the internal ASE is neglected in equation (9-1)
because of its minor effect [57].

Theterm S, (z,, ,t,,) is given as
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where A is Planck’s constant, v is the optical frequency of the signal, I is the optical
confinement factor, Az is the length of a section, w and d are the width and thickness of

the cavity, respectively. g, (z,, ,t,,) and g(z,,,,t,,) are the material gain coefficient and net
gain per unit length which are calculated with equations (8-1) and (8-3), respectively.
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P, (z,,,_,,t,) is the optical input power of the m-th section, which can be iteratively
calculated as

Po(zpiste) = P (zn s t,)exp[g(z,,_, e )Az] 9-3)

with the optical input power of the SOA as P, (2., ). Here, the signal delay due to the

SOA cavity length has been neglected since the signal bit duration is much longer than the
SOA delay.

After solving the rate equation at each section, the gain of the SOA can be calculated
by

6, )=exp[gl(l‘g,,(z,,,t)—a)&] - )

and the ASE noise spectral density from the SOA is calculated by

R (t:)=(G(t.)-Jvpn, 9-5)

with an estimated spontaneous emission factor n, obtained from the measured noise

figures in Figure 8.9, and the effective number of modes p=2.

An optical inplit signal to the system is a PRBS with a word length of 2'-1 in the non-
return-to-zero (NRZ) format. The time step is set at 1/64 bit duration. At the receiver
side, an optical filter is employed to filter out ASE noise. After detected by a photo-
detector, the signal passes through an electrical low-pass filter. The filter here is a fourth-
order Bessel filter with a cutting frequency of 0.75 times bit rate, which is standardized for
SONET transmission systems [161, 162]. The filter for simmlation is generated with the
Matlab signal processing toolbox [163]. The filtering is performed by a direct convolution
between the signal input and the impulse response of the filter. After the filter, the
sampling instant for the threshold detection is chosen as the one with the largest eye
opening over the bit duration.

149



As for the electrical noise, as discussed in the previous chapter, there are five noise
terms, namely, receiver noise (thermal noise), signal shot noise, ASE shot noise, signal-
ASE beat noise, and ASE-ASE beat noise. All the noise terms except for the receiver
noise are time-dependent due to the gain variation during SOA amplification. Thus, these
noise processes are not ergodic and the noise terms can not be simply calculated with the
effective bandwidth of the low-pass filter. A reported method [57] for bypassing this
difficulty is to assume that the optically induced noises have a d-function relative to the
modulation time constant and that the impulse response of the low-pass filter is
rectangular, so that the signal and ASE noise can pass through the filter separately and
then calculate the beat noise terms with the filtered signal and ASE noise. This approach
can not be justified when there is a large signal waveform distortion due to the gain
saturation.

We have noted that a Bessel filter has a very important property that within the pass
band, it has a linear phase change with the frequency so that the signal and noises at
different frequencies within the pass band will have the same time delay. Thus, the
sampling instant for the threshold detection can be traced back to the corresponding point
before the filter, at which the noise terms are calculated by using the equivalent electrical
bandwidth of the low-pass filter.

With the filtered signal and the noise terms, the average BER can be calculated by
l N,
P, =mi —2*[2)dt 9.
=i o ol 6

[ Sy -T, for ONEs
Ny

O =1 9-7)

where N, =127 (the number of PRBS bits), S, ; and S, are the sampled values of the
electrical signal for data ONEs and ZEROs, N,; and N, are the total noise power per
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Figure 9.8: Fiber-to-fiber gain versus optical input power for the simulated SOA with

four different injection currents. Solid lines denote the simmlation results and symbols
denote the tested results.

unit load resistance which are calculated by using equation (8-21). The optimum threshold
is set to minimize the average BER. The values of all the parameters for the simulation are
listed in Table 9.2 at the end of the chapter.

9.3.2 Numerical Resuits and Discussions

Figure 9.8 shows the gain versus the optical input power of the simulated SOA for
four different injection currents. The 3-dB input and output coupling losses are included
here. Compared with the tested results, the simulation results show a little bit higher
saturation power.
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Figure 9.10: Power penalty versus optical input power for a three stage SOA system with
the second and third combination of the currents, evaluated using simulation.

To compare to the experimental results, the dynamic ranges for three different

injection currents for a single-stage SOA system at a bit rate of I Gb/s are evaluated using
simulation. The simulation was done with an APD receiver and no low-pass filter. The
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electrical bandwidth is obtained from the frequency response of the receiver. The
parameters of the receiver are listed in Table 7.1. Figure 9.10 shows the simulation results.
They have a good agreement with the experimental results for low input power. For high
optical input power, the simulation shows a larger power penalty than the experiment. This
could be due to the mitigation of the distortion of the input signal by the gain saturation as
mentioned in the last section.

We use the same system parameters as those for Figure 9.9 to simulate a three-stage
SOA system for the second and third combinations of injection currents listed in Table 9.1.
The simulation results in Figure 9.10 show a reasonable agreement with the experimental
results. The third combination performs better for low input powers, while the second
combination does better for high input powers. The input dynamic ranges for these two
combinations are very close although the optimum input power levels are different.

In addition to the comparison with the experiments, we further investigate the system
performance with simulation at higher bit rates at which we lack facilities to test the
system. In the following simulations, we use a p-i-n photodetector and a standard SONET
low-pass filter. The quantum efficiency of the p-i-n is 0.85, and the thermal noise power
density of the receiver is 8.5 pA/VHz that is assumed to be the same at all bit rates.

For a single-stage SOA system, Figure 9.!1 shows the power penalty as a function of
optical input power at six different signal bit rates. The injection current of the SOA is set
at 100 mA. As the bit rate increases, the power penalty increases at the low input power
end because the signal-spontaneous and spontaneous-spontaneous beat noises are
enhanced with enlargement of the receiver electrical bandwidth. At the high input power
end, the power penalty is primarily determined by the gain saturation. At a very low bit
rate (< 0.5 Gb/s), the signal mainly suffers from signal extinction ratio reduction although
there is some distortion at the leading edge of the data ONEs, with little effect on the
sampling instant for the threshold detection. In this case, the gains for data ONEs and
ZEROs can be evaluated separately. As the bit rate increases, the leading edge distortion
of data ONEs starts to have an effect on the threshold detection whereas the signal
extinction ratio is not improved high enough to compensate for the distortion, thus the
degradation due to the gain saturation rises. From Figure 9.11, it can be noted that at a bit
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rate of around 2.5 Gb/s the total degradation resulting from the waveform distortion and
signal extinction ratio reduction reaches its maximum. Then, the degradation decreases as
the bit rate increases. The input dynamic range at different bit rates is plotted in Figure
9.13, ranging from 22 to 26 dB.
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Figure 9.11: Power penalty versus optical input power for a single-stage SOA system at
six different bit rates, evaluated using simulation.
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Figure 9.12: Power penalty versus optical input power for a three-stage SOA system at
six different bit rates, evaluated using sinmlation.

For a three-stage SOA system, we only simulate the first combination of injection
currents, that is, injection currents of the three SOAs are each 100 mA. The simulation
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Figure 9.13: Input dynamic range versus signal bit rate for single-stage and three-stage
SOA systems, evaluated with simulation.

results are plotted in Figure 9.12. The same penalty trend is obtained as that in Figure 9.12
except a smaller input dynamic range as shown in Figure 9.13.

9.4 Conclusions

In this chapter, the input dynamic range of SOA-based systems has been investigated
experimentally and further studied with numerical simulation. It is found that for a single-
stage SOA system, a lower injection current can have a larger input dynamic range
because of a higher input saturation power. For a three-stage SOA system, the different
current combinations show the similar input dynamic range although the absolute input
power ranges are different. Optical isolators between the SOAs only improve the
performance marginally. Further simmlations at higher bit rates show that SOA-based
Systems can have large input dynamic ranges. It can be over 20 dB for a single-stage SOA
system and about 10 dB for a three-stage SOA system at a bit rate of 20 Gb/s. Thus,
SOA-based switching systems can operate at up to 20 Gb/s with a reasonably large input

dynamic range.
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Table 9.2: Symbols and default values of simulation parameters.

Parameters Symbols Values
SOA Parameters
Cavity length L 750x 10°m
Cavity width W 20x10°m
Cavity thickness d 0.15x10°m
Optical confinement factor r 0.05
Transparent carrier density No 1.2x10%m>
Gain constant a 89x10°m?
Gain constant a 1.8x10° m>
Peak wavelength at transparent state Ao 1.306x10°m
Wavelength shift constant a 135x 102 m?
Loss coefficient a 2.0x10°m*
Non-radiate recombination coeff, A 20x10°s™
Radiative recombination coefficient B 8.5x 10" m’/s
Auger recombination coefficient C 4.7x 10" m%s
Number of sections M 20
Input and output coupling loss Li/Los 3dB
Equivalent ASE noise bandwidth A\ 35x10°m
System Parameters
Signal bit rate B, 1.0 Gb/s
Signal wavelength A 1.3x10°m
Electrical bandwidth B. 1.2 GHz for APD,
0.75-B, for p-i-n
Input signal extinction ratio 1r 10dB
Bandwidth of optical filter B, 1.6x10°m
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10. Bi-directional Optical Cross-Connect
Using Semiconductor Optical Ampilifiers

10.1 Introduction

Recently, bi-directional transmission has become an attractive option for upgrading
existing fiber transmission systems [164, 165, 166, 167]). There are two wavelength
schemes for bi-directional transmission. One is using the same optical wavelength for the
two signal channels. Another scheme is using two different wavelengths for the forward
and backward channels. Alihough the single wavelength scheme is easy and simple to be
implemented, the reflections and back-scattering can severely degrade the system
performance {168, 169]. In contrast, bi-directional systems using two wavelengths can
. have much better transmission performance by eliminating reflections and back-scattering
. with optical filters. Nevertheless, optical subsystems such as optical switches or cross-
connects have to be redesigned to support two-wavelengths bi-directional operation.

In this chapter, we propose an SOA-based bi-directional optical cross-connect for bi-
directional transmission systems using two wavelengths. A main feature of the SOA-based
bi-directional cross-connect is a wide optical bandwidth for easy channel separation. In the
rest of the chapter, we will investigate the feasibility of the SOA-based bi-directional
optical cross-connects, experimentally.

10.2 Experimental Setup

The bi-directional optical cross-connect is an SOA-based splitter-combiner space
switch. Figure 10.1(a) shows a 2 x 2 cross-connect where there is only a single-stage SOA
in each cross-connection path. For a large cross-connect, we may use an SOA at each
input and output port in order to compensate for the losses from optical splitters and
combiners. To investigate both situations, we use two cross-connect arrangements in our
experiment, as shown in Figure 10.1(b), referred to as a single-stage-SOA and three-
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Figure 10.1: (a) Schematic of a 2 x 2 SOA-based optical cross-connect. (b) Experimental
arrangements for single-stage-SOA and three-stage-SOA cross-connects.

stage-SOA cross-connects hereafier, respectively. It is noted that only one bi-directional
cross-connection path is tested in the experiment, and splitting losses at the input and
output sides are excluded here.

Semiconductor optical amplifiers used in the experiment are those tested in Chapter 8.
For the single-stage-SOA cross-connect, we set the SOA fiber-to-fiber gain to 11 dB with
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Figure 10.2: Experimental setup for bi-directional optical cross-connection.

an injection current of 100 mA. As for a three-stage-SOA arrangement, the loss between
. SOAs is set to 11 dB, which is equal to the unsaturated gain of the SOAs. So, the input
' optical power to each SOA is approximately the same with no gain saturation. For bi-
directional cross-connection, no optical isolators are used between three cascaded SOAs.

The experimental setup for the bn-dxrectxonal cross-connections is shown in Figure
10.2. There are two transmission channels at dlﬂ‘erent wavelengths, forward and backward
ones. As for the forward channel, a DFB laser at 1302.7 nm is directly modulated at 1
Gb/s with a PRBS length of 2’-1. A variable optical attenuator is used to adjust the optical
input power of the cross-connect. The backward channel is an externally modulated 1010
sequence at 250 Mb/s. The optical source is a semiconductor laser-pumped Nd: YAG laser
at 1318.6 nm. The extinction ratios of the forward and backward channels are about 10
dB and 15 dB, respectively. Two 3-dB couplers are employed at the two sides of the
cross-connect in order to separate the forward and backward channels, Back reflection of
the couplers is approximately -50 dB. They may be replaced with optical circulators or
WDM couplers with no intrinsic loss. For the forward channel, a manually tunable optical
filter with a bandwidth of 1.6 nm is used before the receiver in order to select the forward
channel. A high-sensitivity Ge-APD receiver is employed for bit error rate testing. Four
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Figure 10.3: Bit error rate versus received optical power at different input power levels of
the backward channel. The input power of the forward channel is -20 dBm.

optical isolators are inserted as shown in Figure 10.2 in order to block reversed channels
and reflections to optical sources.

10.3 Results and Discussions
10.3.1 Single-stage-SOA cross-connect

Figure 10.3 shows the measured BER for the forward channel with different input
power levels of the backward channel for the single-stage-SOA cross-connect. The
average input power from the forward channel is kept to -20 dBm. Comparing the BERs
of the back-to-back and only one forward channel, we see a power penalty of about 0.4
dB at a BER of 10°. This is mainly due to amplified spontaneous emission (ASE) noise
from the SOA. With the increase of the backward input, the power penalty to the forward
channel increases. This results from the cross-gain modulation among the WDM channels
as SOAs saturate [97, 170]. With the backward input power up to -5 dBm, a power
penalty is about 9 dB. However, there is no BER floor.
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Figure 10.4: Power penalty versus input power of the forward channel at two different
input power levels of the backward channel in the single-stage-SOA based cross-connect.

Figure 10.4 shows the power penalty versus the input power of the forward channel at
two input power levels of the backward channel. At a low backward input power of -20
dBm, the lower curve shows that the input power can be as low as -25 dBm with a 1-dB
penalty. The highest input power can not be measured because of low input power from
the DFB laser, but it is expected to be over 0 dBm. The resulting dynamic range is about
25 dB. At a higher backward input power of -10 dBm, the dynamic range of the forward
channel within a 1-dB penalty is very limited. If the margin for power penalty is relaxed to
2 dB, the input power can be as low as -20 dBm.

At three forward input power levels, the power penalty of the forward channel is
measured against the backward input power, as shown in Figure 10.5. Each curve is
plotted compared to its corresponding receiver sensitivity with zero backward input power
level. The power penalty increases with the increase of the backward input power. With a
higher forward input power level, the penalty is lower than that with a lower forward input
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Figure 10.5: Power penalty versus input power of the backward channel at three different
input power levels of the forward channel in the single-stage-SOA based cross-connect.

power level. The reason is that the forward channel with a higher input power level is less
cross-modulated by the backward channel, since the gain is mainly saturated by the
forward channel. When the two channels have the same input power less than -10 dBm,
the relative power-penalty for the two channels can be less than 1 dB. With the input
power levels over -10 dBm, the power penalty may not be limited to 1 dB.

10.3.2 Three-stage-SOA cross-connect

Figure 10.6 shows the power penalty versus the forward input optical power at three
different backward input power levels for the three-stage-SOA optical cross-connect. As
we increase the backward input power, the input dynamic range of the forward channel
decreases rapidly. The margin for power penalty has to be relaxed in order to have
reasonable input dynamic range. The input dynamic range is about 7.5 dB with a 2-dB
power penalty at a backward input power level of less than -15 dBm. It is also noted that
the optimum input power level of the forward channel corresponding to the minimum
power penalty becomes higher as the backward channel power increases. From channel
inter-modulation point of view, the more stages of SOAs are in cascade, the stronger
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Figure 10.6: Power penalty versus input power of the forward channel at three different

mput power levels of backward channel in the three-stage-SOA based cross-connect.

cross-gain modulation is. The conclusion drawn from Figure 10.6 may also apply to three
cascaded single-stage-SOA based cross-connects.

10.4 Conclusions

In this chapter, we presented a bi-directional cross-connection experiment using
semiconductor optical amplifiers. The experiment shows the feasibility of constructing
SOA-based optical cross-connects. For single-stage-SOA based cross-connects, the mput
dynamic range is 15 dB starting from -25 dBm extending to -10 dBm at a bit rate of 1
Gb/s with a power penalty of less than 1 dB. For three-stage-SOA based cross-connects, a
dynamic range of 7.5 dB is obtained with a 2-dB power penalty.
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11. Summary and Suggestions for Future
Work

11.1 Summary

In this thesis, we investigated the architecture and system perspective of optical cross-
connects using semiconductor optical amplifiers. The studies on the optical cross-connects
include theoretical analysis, simulations and experiments. The thesis can be summarized in
three main parts.

From Chapters 3 to 5, the study is concentrated on the proposed optical cross-
connect. First, the proposed optical cross-connect was presented in Chapter 3. In the
proposed cross-connect, WDM and SDM techniques are effectively combined to reuse
optical wavelengths and reduce the size of space switches. The system performance of the
proposed optical cross-connect as a high-speed switching core is further investigated in
Chapter 4. Due to wavelength reuse, homo-wavelength crosstalk was identified as a very
important degradation factor in the cross-connect. When the shared central power lasers
are used for all transmitters, another homo-wavelength component will be introduced by
wavelength selectors at the transmitters. The analysis shows that the size of the high-
speed switching core at a line rate of 10 Gb/s can be up to 64 x 64 with four or eight
optical wavelengths. The cross-connect can be constructed with presently available
technologies. In Chapter 5, a small version (4 x 4) of the proposed optical cross-connect
has been experimentally demonstrated. The successful demonstration shows the promise
to construct an 8 x 8 or 16 x 16 prototype.

As a primary performance degradation factor in optical cross-connects and multi-
wavelength networks, homo-wavelength crosstalk has been investigated in Chapters 6 and
7 in detail. Chapter 6 presented the performance degradation due to homo-wavelength
crosstalk in multi-wavelength optical networks using dynamic wavelength routing. It was
identified that the degradation due to homo-wavelength crosstalk can be enhanced by ASE
noise of the optical amplifiers. In Chapter 7, several mechanisms of homo-wavelength
crosstalk were reviewed. According to its impact on the performance, homo-wavelength
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crosstalk is classified as additive and beat-noise crosstalk. Beat-noise crosstalk was
investigated by using the moment generating function (MGF) of the signal-crosstalk
beating. Saddlepoint approximation was applied to evaluate the system performance with
the MGF of the total noise in the signal. Calculated results for one cosstalk channel have a
very good agreement with the experimental results. Also, numerical calculations verify the
performance estimations obtained with Gaussian approximation in Chapters 4 and 6. The
effect of wavelength shift between the signal and crosstalk channels has also been studied,
experimentally.

As basic optical switching gates, semiconductor optical amplifiers were studied in
Chapters 8 to 10. A brief introduction to the principles of SOAs was given in Chapter 8.
This chapter also presented the tested results of available SOAs. The components show
good performance as switching gates, particularly their low polarization sensitivity and
high contrast ratio. Chapter 9 addressed the input dynamic range of SOA-based systems.
For a single-stage SOA system, an experiment at a bit rate of 1 Gb/s shows a wide input
dynamic range up to 25 dB. For a three-stage-SOA system, experimental results indicate
that different current combinations have quite similar input dynamic range except for the
shift of their absolute input power ranges. Optical isolators between the SOAs only
improve the system performance marginally. Further simulations show that SOA-based
systems can have a reasonably large input dynamic range at a very high bit rate. Finally,
Chapter 10 described an experimental work on bi-directional cross-connects using SOAs.
The experiment shows the feasibility of SOA-based bi-directional Cross-connects.

11.2 Suggestions for Future Work

As for the future work on optical cross-connect systems, two research topics are
suggested. One is research on the control protocol for the proposed optical cross-connect.
The best protocol would maximize the system switching capability with a minimum
blocking probability. The work in this direction will be very important when the whole
system is designed to meet the required network or switch performance.

Another direction is further experimental study on the proposed cross-connect and
semiconductor optical amplifiers. Several experiments at a high bit rate (~ 10 Gb/s) are
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required to validate the analysis and simulations presented in the thesis, and to understand
unforeseen problems in SOA-based switching systems. Other experiments on system
control and synchronization may also be suggested.

In conclusion, a large size optical cross-connects can be constructed with state-of- the-
art technologies by using the proposed cross-connect architecture. We hope the work
presented in the thesis provide a helpful understanding for the future system design and
implementation of optical cross-connect systems.
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