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Abstract 

Abstract 

Over recent years, the Photonics Group in Bristol has been developing a monolithically 
integrated, electrically controlled 4A active vertical coupler (AVC) based optical crosspoint 

switch (OXS). The matrix consists of two perpendicular groups of passive ridge waveguides 
forming the input and output waveguides in which two AVCs are formed at the crosspoints 

using a light-amplifying waveguide grown on top of the passive guides. This structure has the 
feature of combining the signal integrity of coupler based switches with the high optical 
isolation provided by optical gain switches. 

In this work, the switching performance of the OXS matrix are characterised and the 
inherent functionalities of the device are explored. With these understandings, several novel 

application scenarios have been demonstrated, and the performance of the OXS is evaluated 

under these scenarios. 

Firstly, on-chip labels detection and signalling for packet switch using the integrated optical 
tapping and photodetection functionalities of the OXS matrix have been carried out. This 

provided the advantage of label detection without additional optical components. Experiments 

of fixed-length as well as variable-length packet switching have been demonstrated with a 

payload transmission power penalty of 1.5dB found and OXS matrix optical label detection 

sensitivity of -22dBm. 
By further exploring the inherent photodetection functionality, dynamic per-packet output 

power equalisation is demonstrated in the OXS matrix, achieving response time of -100ns and 

output power levels are stabilised to within -+0.3dB with an input dynamic range of 5dB 

between consecutive optical packets. To the best of my knowledge, this is the first time 

dynamic output power equalisation is demonstrated at the optical packet level. 

Furthermore, the multicasting functionality of the OXS matrix and its unique characteristics 

are investigated. Theoretically it is proven that the optical gain in the AVC based switch units 

allows two amplified copies of the input optical data to be generated by overdriving the switch 
beyond the coupling point. For the first time, I-to-many optical multicasting without the use of 

optical splitters and hence without the associated splitting loss has been demonstrated. High 

switched signal Q factor values of I-to-2 and I-to-3 multicasting configurations indicate good 

quality of packet multicasting. Computer simulation further suggests that the amplified 

spontaneous emission (ASE) limited scalability of the scheme can be as high as >40. 

Finally, contribution has also been made to develop a switch module by combining the 

packaged OXS switch with an electrical interface making it suitable for system experiments. 

This includes designing and testing of control logic and the electrical interfaces, built-in thermal 

electrical control, and mechanical works to integrate all the interfaces and the packaged device 

into a complete module. 
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I Chapter I 

INTRODUCTION 

1.1 THE DEVELOPMENT OF THE OPTICAL COMMUNICATIONS 

The field of optical fibre communications in telecommunication history is still young. 
Perhaps we can consider it has begun about 40 years ago when Charles K. Kao, then an 

engineer at the ITT Laboratory in the U. K., realised that fused silica could meet the loss 

requirements necessary for a successful fibre waveguide to deliver high-speed message [1]. 

This seminal work provided the impetus for serious research and development throughout the 

world on optical fibre communications. The birth of optical communications then occurred in 

1960's with two key technology breakthroughs: the invention of the semiconductor laser [2-51; 

and the demonstration of the first low loss glass fibre with an attenuation of 20dB/km in 1970 

[6]. 

Optical communication systems then evolved quickly. In 1977, the first optical 

communication systems were deployed by AT&T in Chicago using multimode fibres (MMF) 

with lasers operating in the 850nm wavelength band [7,8]. However, these systems could only 

transmit several kilometres as the optical losses were in the range of 2 to 3 dB/km. In late 

1970s, researchers found that the silica based optical fibre has three low loss windows in the 

0.8gm, 1.3gm, and 1.55gm wavelength bands with lowest loss being around 0.2dB/km in 
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1.55ýtm band while almost zero dispersion at 1.3gm band [9,10]. Fabrication of single mode 
fibre (SMIF) with low loss and loss dispersion were also reported [11-13]. In the mean time, III- 
V alloy material, particularly InGaAsP/InP as semiconductor laser source as well as LED's 

working this in 1.3gm wavelength band had started to become available [14,15]. As a 
consequence, telecom carriers started replacing all their MMF with SMF and employed laser 

transmitters operating at 1.3gm band in 1980s [16-19]. Another wavelength window around 
1.55gm was then developed, where a standard SMF has its minimum optical loss of about 
0.22dB/km, and optical transmission systems in this wavelength window were deployed in late 

1980s. The next major milestone in the evolution of optical communication systems was the 
development of erbium-doped fibre amplifiers (EDFAs) in the late 1980s and early 1990s. Due 

to a unique coincidence of nature, the operating wavelength of EDFA lines up with the 1.5gm 

low-loss window in the optical fibre. The concept of fibre amplifier was first demonstrated in 

1964 [20], but the first practical wideband high-gain amplifiers were demonstrated in 1987 [21, 

22], and amplifiers became a commercial reality in the early 1990s with the development of 

compact, reliable, high-power semiconductor pump lasers. 

The enormous growth of Internet usage in early 1990s had seen the telecom carriers had to 

keep up with the massive demand of network bandwidth by the network operators and service 

providers. Consequently, the development of fibre-based telecommunication in the 1990s 

focused on increasing their transmission capacity. It was very soon realised that pure point-to- 

point connections with one data channel on one wavelength per fibre could not satisfy the need 
for bandwidth-hungry applications such as multimedia services in the Internet. The emergence 

of EDFA, which is capable of amplifying signals at many wavelengths simultaneously, had led 

to an explosion of available bandwidth with the implementation of Wavelength Division 

Multiplexing (WDM) technique [23]. With WDM and EDFA, rather than increasing the bit rate, 

more than one wavelength is used to carry the data signals in the same fibre, thereby replacing 

one regenerator for each channel. This had greatly brought down the cost of long haul 

transmission systems and increased their capacity. Experiments reporting more than ITb/s 

transmissions over a single fibre were first reported in 1996 [24,25]. The signal modulation 

speed has also been increasing from 155Mb/s to IOGb/s, and even up to 40Gb/s. The numbers 

are being improved constantly in term of capacity (10 Th/s transmissions reported in [26]), 

modulation data rate, and transmission distance (more than 6000 km transmission at 42.7Gb/s 

data rate reported in [27,281). 
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1.2 OPTICAL SWITCHING 

To date Internet's data is transported using WDM optical fibre transmission system 
carrying 32-80 wavelengths modulated at 2.5Gb/s and lOGb/s. At each intermediate node of 
the network, the optical signal undergoes optical-electrical- optical (OEO) conversion for 

regeneration and routing purpose. It is reported that the demand for network capacity continues 
to double every year [29]. Therefore, there is growing concern about the scalability of 
electronic routers and their ability to match the rising transmission capabilities of WDM in the 
optical layer. As shown in Fig. 1, the capacity of single-rack routers has doubled every 18 

months [30], and is limited by the power that can be supplied to and dissipated from them. To 
date, the largest single-rack router can operate at 50OGb/s - lTb/s and consumes about lOkW, 

which has probably reached the limit that the power can be supplied dissipated from the router 
[30]. Furthermore, the ability to direct packets through the network when the bit rate per 
wavelength head out beyond 40Gb/s to 160Gb/s may require the advance of electronic 

processors and memory access time to run at rate that outstrip Moore's Law [3 1 ]. 

.a 

11 IN) 

Figure 1.1 The growth in Internet router capacity over time, per unit volume. ReL [30]. 

Two trends have emerged in the design and deployment of WDM networks. The first is 

towards increasing transparency in the network so as to eliminate electronic bottlenecks and 

enable the handling of a broad range of heterogeneous signals regardless of protocol formats, bit 

rates, or modulation. The second trend is towards reconfigurability in optical networks, such 

that a configurable WDM technology can be used to dynamically reconfigure the electronic 

topology of the network in response to changes in traffic conditions. These trends reflect the 

vision of a future network in which optical switching technology plays a central role and 

bandwidth is relatively abundant, inexpensive, and readily available to end-users. It is predicted 

that the evolution of optical-switching based network will be gradual and may take place in 

several phases, due to the needs of the maturity of some enabling all-optical switching 

technologies [321. Three main approaches that seem promising for the migration of switching 
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functions from electronics to optics are wavelength routing, optical burst switching (OBS), and 
optical packet switching (OPS). 

Wavelength routing is considered to be among the earliest approach to optical switching. 
It is a form of circuit switching [33-35] which offers switching services at the granularity of a 
wavelength. Due to their ci rcuit- switched nature, wavelength routed networks can be built with 
commercially available optical switch technologies, which are still relatively slow with switch 
configuration times in the order of milliseconds [36]. While wavelength routing represents a 
significant step in the direction of transparent and configurable optical networking, optical 
circuits tend to be inefficient for traffic that has not been groomed or statistically multiplexed. 
Moreover, the circuit-switching model does not meet well within the Internet philosophy of 
packet switching. 

Optical burst switching (OBS) is considered a more promising technique for supporting 
finer switching granularity in the optical domain [37-391. In OBS network, bursts of traffic are 
transmitted through an optical transport network by setting up a connection and reserving 

resources end-to-end for the duration of a burst. Since the unit of transmission and switching is 

a burst, which is the aggregation of a flow of data packets, OBS is more efficient than circuit 

switching when the sustained traffic volume does not consume a fun wavelength for longer than 

necessary. However, the generation of bursts that involves several parameters such as burst size, 
destination of packets, Quality of Service (QoS) requirement (e. g. delay, packet loss rate, etc. ), 

and channel scheduling, can heavily affect the performance of future networks that are under 
dynamic changing conditions. Due to the need for the aggregation of a flow of data packets, the 

optical switching speed will be in the order of microseconds [40]. 

Optical packet switching (OPS) [43,451, on the other hand, does not have the problem of 

accommodating the dynamic traffic faced by OBS. In an OPS network, each packet is treated 

independently at the optical switch/router, where the switching operation is similar to electric 

packet switching apart from the packet is kept within optical domain. By providing bandwidth 

at a much finer granularity and faster switching, OPS promises high throughput, rich routing 

functionalities, and excellent flexibility, so it is considered as a long-term evolution candidate 

for optical switching network [32,41,42,50]. The realisation of this vision, however, faces 

significant challenges in that OPS requires practical, cost-effective, and scalable 

implementations of optical buffering and packet-level parsing [67,42,50]. 
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1.3 OPTICAL PACKET SWITCHING 

1.3.1 Optical Label Switching Network 

Optical packet switching is similar to traditional electronic packet switching, except for 

that content of the packet will remain in optical format throughout the transmission in 

the optical network [43]. OPS pron-fises almost arbitrarily fine transmission and 
switching granularity, evoking the vision of IP over WDM networking technology, 

which in essence simplifies conventional open system interconnection (OSI) layer 

protocol stacks including SONET/SDH and ATM [44]. Optical label switching (OLS) 
is a promising approach to accommodate IP over Vv'DM by means of optical labels and 
has been widely studied in recent years [45-52]. 

node 

Figure 1.2 Optical label switching network for transparent optical packet switching. 

An example of OLS network is shown in Fig. 1.2. IP packets enter the network through an 

ingress node where they are encapsulated with an optical label. Within the OLS network, 

routing decision will only be made based on the information in the optical labels to forward the 

packets in the network. At the internal core nodes, the label is optically erased, the packet is 

optically regenerated, and a new optical label is attached to the packet before redirecting them 

to following node. Packets and their labels may also be replicated at the optical router to realise 

multicast operation. In the event of light path contention, it can be resolved by means of optical 

buffering, wavelength conversion, and deflection routing, or any combination of these schemes. 

Throughout the packet forwarding process, the contents that first entered the ingress node of the 

OLS network are kept intact in optical domain until they exit the core optical network at the 

egress node, where the optical label is removed and the original packet is handed back to the 

electronic routing hardware the same as it entered the core network. 
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A functional block diagram of an OPS node architecture is shown in Fig. 1.3. The 

architecture consists of a set of multiplexers and demultiplexers, an input interface, a space 

switch fabric with associated optical buffers and wavelength converters, an output interface, and 

a switch control unit. Packets arriving on an input fibre are first demultiplexed into individual 

wavelengths and are then sent to the input interface. Each packet consists of a payload and an 

optical label which is used for controlling routing in the optical domain. Any network layer 

header (e. g., IP header) may be considered part of the payload for optical routing purposes. 
Among other functions, the input interface is responsible for extracting the optical label and 
forwarding it to the switch control unit for processing. The switch control unit processes the 

label information, determines an appropriate output port and wavelength for the packet, and 
instructs the switch fabric to route the packet accordingly. In routing the packet, the switch may 

need to buffer it and/or convert it to a new wavelength. The switch controller also determines a 

new label for the packet, and forwards it to the output interface. When the packet arrives at the 

output interface, the new label is attached, and the packet is forwarded on the outgoing fibre 

link to the next node in its path. 

10 

N 

p 

Figure 1.3 A generic OPS node architecture. 
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1.3.2 Technological Challenges 

There are a number of technological challenges in order to realise the optical packet switch 
node architecture. Four functions of critical importance to the realisation of practical OPS 
nodes are discussed below: 

Optical switch fabrics 

The switch fabric at an OPS node must be capable of rapid reconfiguration on a packet-by- 
packet basis. At data rates of multi-Giga bits per second, this requirement implies that switching 
times have to be on the order of a few nanoseconds in order to limit switching overhead [531. 
Other critical requirements include scalability of the technology to high port counts, low loss 

and crosstalk, and uniform operation across all signals independent of the path from input to 
output port. Moreover, issues such as reliability, energy usage, and temperature independent 

operation are also important. More discussions on optical switching technologies will be given 
in the next section. 

Contention resolution 
Contention can take place in a data path when two distinct packets at two different input 

ports are destined to the same output port at the same time. A couple of packets may also 

contend over an internal switch path or a network path. Three main contention resolution 

schemes have been proposed: optical buffering, wavelength conversion, and deflection routing. 
The lack of an efficient way to store information in the optical domain represents a major 
difficulty in the design of OPS nodes. Research has focused on ways of emulating electronic 
RAM capabilities through the use of fibre delay lines (FDL) to delay optical signals [54-57]. 

Unlike electronic RAM, FDL cannot store a packet indefinitely, and, once a packet has entered 

an FDL, it cannot be retrieved until it emerges from the other end. Furthermore, FDL can be 

bulky and expensive, and introduce quality degradation to optical signals. Wavelength 

conversion [58-61] is the ability to convert an optical signal at a given input wavelength to some 

other output wavelength. With this method, only when all wavelengths of an output port are 

occupied does it become necessary to buffer contending packets. Therefore, it can dramatically 

improve the utilization of resources in an optical network, especially in highly dynamic traffic 

environments such as OPS. Important features of all-optical wavelength converters include 

large wavelength span, fast setup time, high signal-to-noise ratio for cascadeability, and bit-rate 

transparency. All-optical converter approaches include the use of cross-gain modulation (XGM) 

or cross-phase modulation (XPM) in a semiconductor optical amplifier (SOA), and wave 

mixing techniques such as four wave mixing (FWM) and difference frequency generation (DFG) 

[611. Unfortunately, although considerable progress has been made, a number of technical 

issues remain of considerable concern. For example, XGM in SOAs is limited to amplitude- 

modulation (OOK) signals, produce bit-stream inversion, and has asymmetric up-/down- 
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conversion properties; XPM requires very high input pump power and accurate SOA bias 

control; FWM or DFG, being coherent techniques, require polarisation control, and in some 
cases, need accurate phase matching. The deflection routing approach [62-66] is a multiple- 
path routing technique. Packets that lose the contention are routed to nodes other than their 
preferred next-hop nodes, with the expectation that they will eventually be routed to their 
destinations. The effectiveness of deflection routing depends heavily on the network topology 
and the offered traffic pattern. Moreover, deflection could cause packets to arrive with large 
differential latency, even out of order. 
Packet delineation and synchronization 

Optical packet switch networks can be divided into two categories: slotted (synchronous) 

and unslotted (asynchronous) networks; and packet delineation is required for both to determine 

the beginning and end of the arriving packet [42]. To date, most of the research efforts focus on 
fixed-length optical packets [67]. As the current Internet environment is mainly dealing with 

asynchronous and variable-length data, slotted networks will have to segment the data (e. g. IP 

datagram) and this can be a problem at very high transmission speeds [81]. Another key 

element for both synchronous and asynchronous networks is the need of bit synchronisation and 

clock recovery. Since optical logic is in too primitive a state to permit optical processing, bit 

synchronisation is mostly done in electrical domain. There are mainly three techniques for bit 

synchronization [68]. One technique allocates one channel to a clock separately in parallel with 

optical transmission lines. The data packets in each bunch of fibres have the same phase as that 

of the clock. However, wiring skew becomes a significant problem when the data transmission 

rate increases. Another technique is the clock and data recovery technique (CDR) generally 

used in optical fibre transmission. CDR can operate securely and stably for long and 

synchronous packets, but it is not easy to lock into asynchronous and burst packets 

instantaneously. The last technique is a clock selection technique [681, which generates clocks 

having a phase different from that of the system clock and selects the clock most suitable for 

detecting a data packet. However, it has only so far been demonstrated for burst data switching. 

Optical labelfonnat and processing 

There are three main approaches to formatting the optical header associated with a packet. 

In the bit-serial labelling approach [45,69,70], the header is transmitted serially on the same 

wavelength; a guard band is placed between the header and payload to allow for the removal 

and reinsertion of the header at intermediate OPS nodes as well as allowing time for label 

processing and switch activation. The second scheme uses subcarrier multiplexing (SCM) [48, 

71,72] in which the header is situated slightly higher in the spectrum than the payload 

bandwidth, and is subcarrier multiplexed with the baseband payload. The other scheme, called 

orthogonal labelling [73-75], conveys the label information in the phase or frequency of the 

optical carrier, "orthogonal" to the amplitude modulated payload information. However, due to 
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their physical layer constraints and requirements, each scheme has some drawbacks. Overhead 
bits (header and guard time) in bit-serial labelling scheme gives lower efficiency compared to 

other schemes. In SCM scheme, nonlinearities may cause intermodulation distortions, causing 
interferences into other channels by simultaneous direct optical detection of the subcarrier. The 

extinction ratio (ER) for the label or payload will be severely limited when orthogonal labelling 
is used. At present, the processing of the label is performed electronicaRy [48,51,76]. A 

splitter taps a small amount of power from incoming packets and passes it to a bit-level 

synchronization circuit which locks the incoming bits in phase with the local clock in order to 

read the label information. All-optical digital processing [77] is still in the very early stages of 

research and experimentation. In order to optically process labels, two functions have to be 

developed in optics: optical correlators to read a label, and all-optical flip-flop memory to store 
the header information [78]. To date, these functions have been demonstrated for labels 

containing only a few bits worth of information, limiting the switch size to only Ix2 [79,80]. 

1.4 OPTICAL SWITCHING TECHNOLOGIES 

The main attraction of optical switching is that it enables routing of optical data signals 

without the need for conversion to electrical signals, and therefore is independent of data rate 

and data protocol. All-optical switching fabric is expected to play a central role in the effort to 

increase the transparency and reconfigurability in the optical networks and this has stimulated a 

storm of research and development works over recent years. 

1.4.1 Optical Switch Fabrics -A Review 

1) Qptical Microelectromechanical System (MEMS) based Switch 

Optical MEMS are miniature devices with optical, electrical, and mechanical 

functionalities at the same time, fabricated using batch process techniques derived from 

microelectronic fabrication [84]. The exact operation principle varies from one device to the 

other. One that received a lot of interest is MEMS mirror switches [85]. This kind of switch 

contains tiny mirrors coated with reflecting material. By applying an external electrical field the 

mirror is shifted aside by electrostatic effect. Each micro-miffor either transmits or deflects the 

incoming optical energy, realising switching function. Two configurations are available: 2D 

(digital) and 3D (analogue) MEMS (Fig. 1.4). In a 2D MEMS the switches are digital since the 

mirror position is bistable (on or off) [85-901. In 3-D MEMS, there is a dedicated movable 

mirror for each input and each output port. A connection path is established by tilting two 

mirrors independently to direct the light from an input port to a selected output port. Nfirrors 

operate in an analogue mode, tilting freely about two axes [85,90-95]. 
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Figure 1.4 MEMS approaches for optical crossconnect switching: a) digital or 2D MEMS technology; b) 
analog, scanning mirror, or 3D technology. (Ref. [85]) 

Another type of optical MEMS based switch is waveguide device [84]. The principle of 

the elementary Ix2 switch relies on the mechanical deflection of a cantilever beam bearing an 
input waveguide (Fig. 1.5). A voltage applied between two adjacent electrodes creates an 

electrostatic force that makes the cantilever beam deflect. Consequently, the moving waveguide 
faces the selected output waveguide and can switch from one to the other. Same type of 
MEMS waveguide switch with different material system was reported in [96,97]. 
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Figure 1.5 Schematic view of the elementary Ix2 MEMS waveguide switch, top view (left) and cross- 
section view (right) (ref. [84]). 

2) Thenno-optic Switches (TOSW) 

The operation of these devices is based on the thertno-optic effect. It depends on the 

variation of the refractive index of a dielectric material due to temperature variation of the 

material itself. There are two categones of TOSW switches that received a lot of attentions [81]: 

interferometric and digital optical switches. Interferometric switches are usually based on 

Mach-Zehnder interferometers [98-100]. These devices consist of a 3-dB coupler that splits the 

signal into two beams, which then travel through two distinct arms of same length, and of a 

second 3-dB coupler, which superimposes those two beams again. Heating one arm of the 

interferometer causes the change of refractive index and will then vary the phase difference 

between the light beams. Hence, as interference is constructive or destructive, the power at 
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alternate outputs is minimized or maximized. The output port is thus selected. Digital optical 
switches (DOS) are integrated optical devices generally made of silica on silicon, but many 
research works were done by replacing silica with polymer, which has much higher thermo- 
optic coefficient than silica [101-103]. The switch is composed of two interacting waveguide 
arms through which light propagates. The phase error between the beams at the two anns 
determines the output port. Heating one of the arms changes its refractive index, and the light is 
transmitted down one path rather than the other. An electrode driven by control electronics 
provides the heating. 
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Figure 1.6 Schematic of the thermooptic switch (TOSW) based on thennocapillaiity effect (Ref. [ 105]). 

Another type of TOSW is a silica-based optical waveguide switch that based on 

thermocapillarity effect [104,105]. The basic structure of this kind of switch is shown in Fig. 

1.6. It consists of a crossing waveguide substrate that has a groove at each crossing point and a 

pair of microheaters. The groove is partially filled with refractive-index-matching liquid and is 

completely sealed by an upper lid. The microheaters are positioned so that they produce a 

thermal gradient along the groove. The refractive-index-matching liquid in the groove is driven 

due to surface-tension variation caused by heating (thermocapillarity). When the liquid is 

present at the crossing point of waveguides, the optical signals pass straight through the groove; 

however, when the liquid moves away from the crossing point, the signals are switched into the 

crossing waveguide by total internal reflection (TIR) on the groove wall, at the silica-air 

interface. 

Bubble-actuated switch [106,107] can be classified as a subset of thermo-optical 

technology. However, the behaviour of bubble switches when heated is different from other 

TOSWs described above. The switch is made up of two layers: a silica bottom layer, through 

which optical signals travel, and a silicon top layer, containing the ink-jet technology. In the 

bottom layer, two series of waveguides intersect each other at an angle of around 120'. At each 

1-11 



cross-point between two guides, a tiny hollow is filled in with a liquid that exhibits the same 
refractive index of silica, in order to allow propagation of signals in normal conditions. When a 
portion of the switch is heated, a refractive index change is caused at the waveguide junctions. 
This effect results in the generation of tiny bubbles. Thus, a light beam travels straight through 
the guide, unless the guide is interrupted by a bubble placed in one of the hollows at the cross- 
points. In this case, light is deflected into a new guide, crossing the path of the previous one. 

3) Electro-optic (EQ) Switches 

Electro-optic (EO) switches realise optical switching functions by using electro-optic 

effects which result in a variation of the refractive index in the material. A large group of EO 

switches fabrics fall into a few topology based on 2x2 switch cells with the structures like 

directional coupler (DC), Mach-Zechder Interferometer (MZI), Y-branch or digital optical 

switch optical switch (DOS). The principle of operation for each of these switches is basically 

the same as TOSW with the same structure, except that EO effect instead of thermo-effect is 

used to change the refractive index in the material. Switching can be achieved by changing 

refractive index of the material in the coupling region which in turn regulates the coupling ratio 

and manipulates the light through the appropriate waveguide path to the desired port. This 

change in the index of refraction is accomplished by applying a voltage to the device. The 

schematic view of DC switch, MZI switch and DOS are shown in Fig. 1.7a, Figl. 7b, and Fig. 

1.7c respectively. Commonly used materials for making this kind of switches include lithium 

niobate (LiNb03) [108-1131 for its field-induced EO effect [114] and M-V semiconductors 

[ 115-126] for their large and almost linear change of refractive index caused by the free-carrier 

plasma effect when carriers are injected in a particular area of the device [138]. Digital optical 

switch based on other material was also realised, for example (Pb, La)(Zr, TI)03 (PLZT) material 

[ 127], which has a higher electro-optic coefficient than LiNb03- 

L 
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Figure 1.7 Schematic of EO switches based on (a) directional coupier, ko) ivizi, anu kL; ) Lj%-j, ) NLIULAUIC-, ý,. 
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Another variety of popular electro-optic switch fabrics, on the other hand, uses 
semiconductor optical amplifiers (SOA) [128-135] as optical ON-OFF switches or optical gates 
in a broadcast- and- select fabric (Fig. 1-8). A SOA switch functions as an ON-OFF device by 
varying the applied bias current. When no bias current is applied, no population inversion is 
achieved and no light is amplified. In this case, the device absorbs the light and the switch is in 
the OFF state. However, when a bias current is applied to the device, a population inversion is 
achieved, the input signals are amplified and the switch is in the ON state. 
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Figure 1.8 Structure of a hybrid-integrated 4x4 SOA matrix switch, Ref[ 132]. 

Liquid-crystal switch is another type of electro-optic switch. The liquid-crystal state is a 

phase that is exhibited by a large number of organic materials over certain temperature ranges. 
In the liquid-crystal phase, molecules can take up a certain mean relative orientation, due to 

their permanent electrical dipole moment. It is thus possible, by applying a suitable voltage 

across a cell filled with liquid-crystal material, to act on the orientation of the molecules. Hence, 

optical properties of the material can be altered. Liquid-crystal optical switches are based on the 

change of polarization state of incident light by a liquid crystal as a result of the application of 

an electric field over the liquid crystal. The change of polarization in combination with 

polarization selective beam splitters allows optical space switching [81]. AIx2 liquid-crystal 

optical switch was reported in [136], whereas a2x2 liquid-crystal was presented in [137]. 

1.4.2 Performance Comparisons 

The perfonnances of some of the optical switches described above are evaluated with 

respect to three categories: basic requirements, network requirements and system requirements 

[81-831. Table 1.1 shows the parameters that are taken into account in evaluating an optical 

switch. The performance comparisons are given in Table 1.2, Table 1.3, and Table 1.4, with 

typical parameter values taken from some of switches given in previous section. 
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TABLE 1.1 Parameters used for evaluating optical switches 

Basic Performance 
Insertion loss Optical power loss when optical signals pass through the optical 

switch. 
Switching speed The time period from the moment the command is given to the switch 

to change state to the moment the insertion loss of the switched path 
achieves more than 90 percent of its final value. 

Crosstalk The ratio of the power leaked to the wrong output and the power 
correct output, used to measure the signal interference between 
channels. 

Extinction ratio (ER) The ratio of the output in the ON state to the output power in the OFF 
state, applicable to ON-OFF switches only. 

Polarisation-dependent Polarisation sensitivity is used to measured polarisation dependence. 
loss (PDL) 
Wavelength flatness The ability to give more flexibility in configuring networks. Service 

providers can switch the whole utilisation operation window fibre 
capacity (1300-1500nm) 

Wavelength A measure of how the switch will perform at different wavelength. 
dependence 

Network Requirements 
Multicast/broadcast Multicast can provide powerful connection capability and save many 

resources. 
Variable optical Optical output power can be attenuated to support the power 
attenuation management design in the transmission system. 
Device dimension Switching fabric dimension/switching matrix size reflects the 

(Port counts) switching capabilities of an optical switch. 

Scalability Easy scalability is essential to form larger NxN switches from 

smaller orders for applications. 
Nonblocking Nonblocking means the flexibility to route or reroute any input 

channel to any unoccupied output channel whenever needed. Optical 

switches with strict-sense nonblocking do not disturb existing 
connections. 

System Requirements 
Stability/reli ability Given the number of terabits per second the device can switch, 

reliability is extremely important for optical switching applications. 
To meet stringent communications standards, switches must meet 

specified environment requirements for temperature variations, 

vibrations, and humi 
s the switching fabric 

Repeatability Port-to-port repeatability refers to all paths acros 
bel ir of identical performance. 

Size Size of the switching fabric is important in term of the package form 

factor 

Power High power consumption increases a system's cost, and associated 

con_ heat dissipation increases a system's ambient temperature 

Temperature The operating temperature range 
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TABLE 1.2 Comparisons of optical switches by basic requirements 
Insertion loss Switching Crosstalk/ PDL kk 

erformance P Performance speed (ER) dependency flatness 
(1.55ýtm 

Switch Type window) 
Optical MEMS 

"D MEMS, Mirror/gap- < 1.7 dB 7ms -50dB 0ý250 No 1250nm- 
clwýin- 1861 1650nm 

3D MEMS with 2-3 dB Sub-ms < -30dB Low No 1250nm- 
deforniable mirror [90] 1650nm 

MENIS tiased on SOI and -0.5 dB 32-200p -- -')2dB Low No 1250nm- 
polymeric,, výivu. uldc (theorctic-'11) 35dB 1650nm 

[96,9 71 1.7 M 
(isolation) (Cxc(! S" Joýs) 

SOI technology by LETI 1.5 dB (lx2) < Ims < -42dB 0.5dB No 1250nm- 
[84] 2dB (lx8) < Ims :S -52dB 0.3dB 1650nm 

switch 

Silica-based MZI switch I dB (2x2) 4.9ms ER: 30dB Low Yes 
[100] 

1 
7.4 db (8x8) -- 50.4dB 14% 

Bubble-actuated switch 0.07dB (trans. Ims < -70dB O. IdB No 
[106] loss) (switch off (per cross- 

2.9dB time point) 
(reflection reduced to 
loss) I MRS) 
4.5dB 
(3202) 

I Electro-ootic switch 

PLZT DOS [1271 5dB (fibre- 20ns 
fibre loss) 

, NMQ"' I)C , -ývitch I t32] 15MI ý -)x'-') < 7Q 
j9dB (4x4. ) 

SOA gate switch [1321 9±4 dB 2ns 
from [ 13 31 -4.5dB 

(coupling 
loss) 

< -22dB No No 
(2x2) 

< -40dB* 0.7dB Yes 
ER 40dB 

1500nm- 
1610nm 

Good 
1300nm & 
1550nm 

I 
-1-lull 

111- 

1570nm 

1300nm & 
1550nm 

-50nm 
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TABLE 1.4 Comparisons of optical switches by system requirements 

Per-formance 

Switch Type 

Actuation 
voltage/ 
power 

dissipation 

Size Stability/ 
reliability 

Repeatability Temperature 
feature 

Optical NIEVIS 
2D MEMS, Mirror/gap- :s 50V Hundred rnicrons More than Low -40'C - 85C 
closing 1861 per unit/footprints a year on 

Module 10cm over 4000 
switch 
elements 

3D MEMS with < 190V Multi Medium Medium -40'C - 85'C 
deformable mirror [901 mmxmmxmm 

. 
MEMS based on SOT and 3--'()V 1600pm Medium Medium -40'C - 85T 
polymeric WaWgUidc C, 
[96,97] 

SOI technology by LETI <70V 2mm Medium Medium 
[841 

switch 

Bubble-actuated switch 25W 
[1061 

switch 

PLZT DOS [ 1271 1 () V 

MQW DC switch f 1201 6.5V 

SOA gate switch [ 132] 40niA 

High 

Potentially Low 
good, no 
moving 
parts 

-I 2x36mi 

6A, '15mm 2 

54x22r=2 

High 

High 

High 

111,211 

High 

High 

High 

Simple 

2.7'C rise at 
20rnW 
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1.4.3 Optical Switches for Optical Packet Switching 

It can be seen from Tables 1.2-1.4 that electro-optic (EO) switching could be the mainstay 
of switching technologies for optical packet networks, which requires switching speed as fast as 
a few nanoseconds. Compared with other all-optical switching technologies, it is technically 
more realistic while providing the necessary switching speed that MEMS and thermo-optic 
switches cannot deliver. It also provides the benefit of easier interfacing to network 
management functions, which is usually performed by a management layer in electronics 
domain. From Tables 1.2-1.4, EO switches using EO effects and SOA-based switches which 
have widely been studied, are the potential candidate to play a central role in optical packet 
switching. Both these kind of switches also can provide the multicasting and variable optical 
attenuation functionalities make them more attractive. 

EO switches employing interferometer-based structure (directional coupler and MZI) has 

the advantage of very fast switching and reconfiguration, in the order of sub-nano seconds. 
Besides, this kind of switch does not experience high loss within switch during switching not 

only because of transparent nature of the material used, but also because of EO effects are used 
to change the refractive index or phase shift of one of the arms in a waveguide interferometer or 

waveguide coupler. In principle, the entire input signal is switched to the output without 

splitting if scattering and material background absorption losses are negligible. The main 
drawback of this kind of switch device is the difficulty to achieve low crosstalk levels and high 

extinction ratio. This arises from the fact that in order to realize extremely low output levels at 

the unintended output port, the two interfering optical fields not only have to be exactly out of 

phase, but they also need to have exactly the same amplitude, with a misbalance of less than the 

required residual output levels. This puts a stringent requirement on coupler symmetry and 

therefore fabrication techniques. Typical values of crosstalk are in the order of -25 - -30dB. 
This crosstalk level may not be low enough when port count is increased, particularly when 

many switching nodes are cascaded. Reasonable crosstalk level (40dB) can be realised with Y- 

branch Ti: LiNb03 dilated shape DOS [ 113]. However, the insertion loss is still very high and it 

still needs very stringent requirement on coupler symmetry too. 

SOA based switches, on the other hand, are highly absorptive to light when they are not 

injected with current OFF state), crosstalk levels can be significantly reduced and extinction 

ratio improved, typically achieving an ON-OIFF extinction ratio of >40 dB. A major problem for 

SOA-gate-based switching fabric may be port-count scalability. This is reflected in two aspects. 

First, there is a fundamental split loss as a signal enters the fabric where it is divided into as 

many equal parts as the number of output ports, and only one part is routed to the desired output 

with the others lost. Clearly, every time port count doubles, this loss increases by 3 dB. This 

directly results in rapid OSNR deterioration as amplified spontaneous emission (ASE) noise 
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from the SOA is added to the signal. This problem can be somewhat alleviated by a staged 
fabric with input booster SOAs to compensate for the split loss. However, this leads to an 
increased number of expensive SOAs, as demonstrated in [133], and with them high power 
consumption due to the high number of SOAs simultaneously in the ON state. 

1.5 MOTIVATIONS AND SCOPE OF THE STUDY 

It is challenging to produce an optical switching mechanism that satisfies all the major 
requirements for optical packet switching applications. Over recent years, an active vertical 
coupler (AVC) based optical crosspoint switch (OXS) has been investigating in Photonics 
Group at Bristol. This optical crosspoint switch, which is fabricated in quaternary 
semiconductor multi-layers deposited on an InP substrate, adopts a mechanism that combines 
the advantages of refractive index modulation switches (for scalability and fast switching) and 

gain/absorption modulated switches (for low crosstalk) [139]. It has been demonstrated that this 

compact switch (2x2MM2 for a 4A switch matrix) can provide high extinction ratio, wide 

optical bandwidth, switching speed of -1.5 ns, and crosstalk levels of lower than -60dB [140- 

1421. 

The main objective of this work is to explore the optical layer functionalities provided by 

the OXS chip in an OPS/OLS scenario. In this case, it is highly desired that apart from simple 

space switching function, OXS can provide more functionalities to take over some of the 

functions in SONET/SDH and ATM layers in order to realise the IP over VVDM networking 

technology. 

The aims of this work include: 

0 Characterise the inherent functions of OXS which include photodetection, optical 

tapping, power gain/attenuation, and multicast/broadcast operation. 

0 Design and implement a control plane that supports the realisation of above 

functionalities. There are three main functions provided by this control plane: (i) 

optical label extraction, optical packet delineation and synchronisation; (ii) optical 

label processing to make routing decision; and (iii) optical packet forwarding by 

enabling the driver control unit to the OXS. As all-optical processing is still remained 

with a lot of technological challenges, it is decided to implement the control plane in 

the electrical domain. To provide optical packet switching functionality, it is required 

that the hardware should have a fast response and reliability in order to perform per 

packet switching. 

Demonstrate the novel functionalities provided by OXS chip that integrated with the 

developed control plane through the optical subsystem facilities at Bristol University. 
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Evaluate the device performance for each of the inherent functions provided by the 
OxS. 

As discussed in earlier Sections, optical packet switching is still facing a number of 
significant technological challenges; it is therefore not possible to address all the issues in this 
work. In the subsystem implementation, contention resolution scheme is not included. Only 

packet switching on a single wavelength is considered, where another wavelength is only used 
to carry the label signals due to the synchronisation problem, and label reinsertion is also not 
implemented. Bit-serial labelling scheme with intensity modulation is employed in the 

subsystem for its simplicity. The data payload will be running at l0Gb/s with the data rate for 

the label signal is 155Mb/s to keep the cost of the design low while keeping the total processing 
time within a hundred nanoseconds. 

1.6 ORGANISATION OF TEXT 

The remainder of this dissertation is organised as foUow: 

In Chapter 2, the structure and the operational principle of the active vertical coupler (AVC) 

based optical crosspoint switch (OXS) will be first described. Theoretical analysis as well as 

computer simulation of the OXS operation is then given. The switching characteristic 

performance of the device is then presented before evaluation of the path dependent loss across 

the OXS matrix is carried out experimentally in order to make a comparison with predicted 

values according the design of the device. 

In Chapter 3, the utilisation of the residual coupling in the AVC structure is investigated by 

applying it to optical tapping and photodetection. The design and hardware implementation of 

optical label processor integrated with the OXS is presented, followed by the demonstration of 

optical label detection as well as optical packet switching using the OXS matrix. Some 

experiments have been carried out to assess the performance of the hardware. 

By making use of the optical tapping and photodetection functionality possessed by the 

OXS, optical packet level dynamic power equalisation control has been incorporated with the 

switching function of the device. This work is presented in Chapter 4. Principle of operation is 

first described before the design and hardware implementation for this application is anticipated. 

Calibration work within the hardware in order to reliably stabilise the output power for dynamic 

input power levels is also given., Following this, demonstration of the power equalisation 

control is presented together with the experimental results. 

in Chapter 5, the other inherent functionality of the OXS structure, namely multicasting 

capability without excess split-loss is explored. Theoretical analysis and computer simulation 

are first given to assess the feasibility of the device for scalable multicasting operation. This is 
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followed by experimental work to characterise the device multicasting capability and output 

signal quality. Performance analysis of the scalability scheme is then presented. 
Finally, a summary of this dissertation is presented in Chapter 6. Future works are also 

proposed in the end of this chapter. 
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Chapter 2 

4x4 ACTIVE VERTICAL 
CROSSPOINT SWITCH 

COUPLER BASED OPTICAL 

2.1 INTRODUCTION 

Over recent years, a monolithic photonic integration platform based on active vertical 

coupler (AVC) structures has been investigated at Bristol University. This platform often 

provides unique advantages in improving device performance and manufacturability. One of 

the successful outcomes has been an optical crosspoint switch (OXS) that is demonstrating very 

promising performance for fast optical switching applications [1-4]. Recently, the OXS 

structure has been optimised to achieve uniform optical transmission quality across the OXS 

matrix by minimising path dependent gain and transmission performance penalty across the 

matrix [161. The study of these characteristics resulted in the applications of the inherent 

functionalities of the OXS and this formed the basis of this dissertation. 

In this chapter, the operational principle of the AVC based OXS matrix is first presented. 

This is followed by the theoretical analysis as well as computer modelling of the device 

structure to give more details about the switching operation. Next, characterisations of the 

OXS in which switching performance, path dependent loss, and transmission wavelength 
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response are presented. A summary of this chapter as well as comments on the performance of 
the device will be given in the final section. 

2.2 4x4 ACTIVE VERTICAL COUPLER (AVC) BASED OPTICAL 

CROSSPOINT SWITCH (OXS) MATRIX 

The 4x4 AVC based OXS Matrix is illustrated in Fig 2.1(a). It is formed by 

interconnecting 16 optical switch cell units, in which each switch cell connects two passive 

waveguides that perpendicularly intersect each other as input and output signal buses. At the 

crosspoint of the switch cell, two active waveguides (dark shaded) are grown on top of the 

passive waveguides (light shaded) forming two active vertical couplers, as shown in Fig. 2.1 (b). 

In this context, 'passive waveguide' means essentially optically transparent waveguide whereas 
'active waveguide' means light- ab sorpti ve or light-amplifying waveguide. A total internal 

reflection (TIR) mirror vertically penetrates the active waveguide layer with an angle of 45' 

with respect to the two couplers directions. This deflects the optical signal for 90' from the 

input AVC to the output AVC. 

outpuls 

;t ý xiw, 

Va-vwve 
wuv&Ngtn& 

(a) (b) 

7'\ 
N, 

Figure 2.1 (a) 4x4 AVC based OXS Matrix (b) 3-D schematic illustration of the AVC structure at OXS 

switch cell 

The active and passive waveguide layers are metal organic vapour phase epitaxy (MOVPE) 

grown on Indium Phosphate (InP) substrate. The designed structure has an intrinsic separate- 

confinement heterostructure (SCH) active waveguide with 7x 75A unstrained Indium Gallium 

Arsenic Phosphate (InGaAsP) quantum wells (QWs) separated by 60A QI. 3 barriers. The QI. 2 

passive waveguide layer is 0.7ýtm thick, and the spacing layer thickness is 1.35ýtm. This is 

processed into 4x4 switch matrices with 500 x 500 ýIM2 switch unit size and 450+m AVC 

length with 5ýtm waveguide width. A more insight illustration of the switch cell is shown in Fig. 

2.2. 
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Figure 2.2 3-D schematic illustration of an AVC switch cell 

A finished 4x4 OXS matrix and its schematic illustration are shown in Fig. 2.3(a) and (b) 

respectively [3]. The cleaved switch matrix chips are 2.5 x 2.5 nIM2 in size, and are anti- 
reflective (AR) coated on all 4 facets to <1 X 10-3 reflectivity using a single layer dielectric film. 

(a) (b) 

Figure 2.3 (a) Micrograph, and (b) schematic illustration of a finished 4x4 OXS matrix 

The switching mechanism is provided by carrier induced refractive index changes in the 

active upper waveguide of the coupler, which changes the optical coupling in the vertical 

coupler. The AVC length of 45%tm has been carefully designed in order to get optimum 

coupling between lower waveguide and upper waveguide. In the OFF state, when no carriers are 

injected, the design is such that the two waveguide layers have very dissimilar effective 

refractive indices. The optical coupling between them is weak and input light travels through 

the switch unit by remaining in the lower passive waveguide (Fig. 2.4(a)). In the ON state, by 

the presence of injected carriers, the effective refractive index of the active upper waveguide is 

reduced to equal that of the lower waveguide. Therefore, the input optical signal will couple 

strongly from the passive input waveguide into the upper active waveguide, reflected by the TIR 

into the second AVC, where the reverse coupling process happens and the signal will be 

coupled from the upper waveguide to the output waveguide (Fig. 2.4(b)). The injected carriers 
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also provide optical gain for the signal, contributing to the high ON/OFF contrast and 
compensating the losses in the device. Low crosstalk level at the OFF state (no carrier injection) 
is achieved by the combination of much weakened signal coupling into the active upper 
waveguide and the highly absorptive nature of the active upper waveguide to any residual 
coupled signal. 

(a) (b) 

Figure 2.4 Operational principle of AVC based OXS: (a) OFF state, and (b) ON state. 

2.3 THEORETICAL ANALYSIS OF AVC BASED OXS SWITCHING 

OPERATION 

2.4.1 Principle of AVC Switching 

The coupled mode theory can be used to provide simple analytical solutions that give 

insight into the mode-coupling process in a directional coupler [5]. This approach gives 

reasonably accurate results when the coupling is not very strong. The coupled mode equations 

in a passive coupler (i. e. both waveguides are without optical loss or amplification) is first given, 

which will be useful for explaining the AVC operation. 

x 

-7 

(a) 

Ul, A U2, A 

(b) 

Figure 2.5 (a) Mode coupling process in a directional coupler with two passive waveguides, (b) Cross- 

sectional schematic of directional coupler showing added index region for waveguides which also serve 

to perturb the other waveguide. Eigenmodes and propagation constants refer to unperturbed values, Ref. 

[6]. 
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Consider guided modes in the individual waveguides, with the implicit time dependence 

exp(jox). When two waveguides are brought into close proximity, the modes will couple to 

each other as a result of the interaction of the evanescent fields, as illustrated in Fig. 2.5(a). The 

net electric field, ý, can be expressed as [61 

-iß2Z y, z) = EI (z)Ul (x, y)e-jßlz + E2 WU 
2 (X, y)e (2.1) 

where U, andU2, and 81 and & are transverse mode shapes and propagation constants for two 

uncoupled modes, Ej gives the amplitude of each component in the net field. 

Perturbation theory [6] can be used to analyse the coupling between the modes. In this 

case the change of relative dielectric constant, AF-, is the perturbation. Referring to Fig. 2.5(b), 

it can be observed that AF-2 acts as the dielectric perturbation for U1, while AE, acts as the 

perturbation for U2. By adding the dielectric perturbation, with the new perturbed mode profiles 

as Uj + AUj for each waveguide into Eq. (2.1) and insert the new equation into the wave 

equation 

V2ý + 2ý 
e(x, y, z)ko (2.2) 

where k 02 is free-space propagation constant. After dropping out the unperturbed solutions as 

well as second-order terms assuming very small difference between the propagation constants, 

Eq. (2.2) becomes 

2j, fl, Ul 
dEj 

e-"Az + 2j, 02U2 dE2 
e -j, 

82Z 

dz dz 
2U1 Ee-jA' + Ael (x, y)k 

2 U2E2e - iß2 Z (2.3) ý A'E2 (x, y)ko 0 

Performing the integration of Eq. (2.3) after dot multiplying by U *I , obtain 

dEj 
-j, 6.2 dE2 

-02Z 
2j)61 

dz 
e 'z 

flUl I dA + 2j, 82 
dz 

e 
fu 

10 U2dA 

222 ko Ele-ifliz 
fA'c2lUll dA+koE2e-j"2z AEIU1* *U2dA (2.4) f 

The parallel-case for U* wiH be the same except for permuted subscript: 2 
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2jj6 12 dE2 
e- 

i'82 Z12 dA + 2jfil dE, 
e-jAz *. u IdA dz 

fIU2 

dz 
fu 

2 

k2E e-j, 
82Z 22z*- 

UjcM (2.5) 02 
fA'CIIU21 

dA+koEle-j"I 
fAE2U2 

For weakly coupled guides, the overlap of two modes is very small and the tail of the 

eigenmodes shape into the other waveguide is very small. Therefore, the second term on the 
left side and the first term on the right side are negligible. After dropping out the small terms 

and rearranging both, the coupled mode equations can be expressed as follow: 

dE, 
_ :- -jIC12E2e 

02 Z 
(2.6a) 

dz 

dE2 
= -jIC21Ee-j(, 

Bl -, 82)Z 
(2.6b) 

dz 

where 

2 

f( 
"Iý'l -'cc 

)U 
I*U 2dA 

'Cl 2- 
ko 

2 
(2.7a) 

2,81 flUll dA 

2 

f('02 
- Ec )U*2 - UjdA 

'C21 - 
ko 

2 
(2.7b) 

2, fl2 fIU2ldA 

If Uj is normalised transverse mode profile for each waveguide, the denominators integral 

of Eqs. (2.7) are just unity by making use of the orthogonality between modes. 

if the normalised amplitudes of these two modes are denoted as a, and a2, 

ai (z) = 
Ei (z)e-jßlz (2.8) 

where )7i is the mode impedance of each waveguide, and the power flow in the positive-z 

direction is just la, 12 + Ja2 12 
. Eqs. (2.6) can be rewritten into more common form: 
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dal 
- -j, 8, al - 

P021 (2.9a) dz 

da2 
-_ j)02a2 i1ol (2.9b) dz 

by neglecting the difference between 171 and 772, and taking the linear coupling coefficient ic= 

ICI 2= ic2j for symmetric guides or )'r 'Cl 2 'C2 I for asymmetric waveguides. It can be seen from 

Eqs. (2.9) that there is an exchange of energy between the two modes as they propagate along z- 
direction. Let al(O) = al(O) and a2(0)= 0, in the simple case of identical coupled guides, A=A, 

with finite length of L, it can be shown that from Eqs. (2.9), the coupling length, L'O, where the 
full coupling from waveguide 1 to waveguide 2 is given by [61 

Lco 7- 
z 
2 ic 

(2.10) 

For waveguide couplers with optical gain or loss, the analysis can still be carried out using 

the coupled mode equations (2.9) by taking into account the complex propagation constants of 

each mode. Assume that optical gain does not introduce extra phase shift, which when the gain 

is not too high, the analysis can be proven to be approximately correct by solving the full 

vectorial mode in the complex refractive index waveguide profile. The coupled mode equations 

under this condition become [7]: 

j. 
ýaj 

=(A+ jg 1 
)a, + 

12 
ýj 

+ AZ' 2 (2.1 la) 
dz 

a2 12 (2.1 lb) 
-i 

! 
ý- 

-::: 
02 + j9 

2 
)a2 + 02 

ý 

a2 

ý2 
+ filI 

dz 

where gi is the modal gain coefficient in each waveguide, and Afli ýaj 12 ) is the nonlinearity 

induced index change of waveguide i, which in this case is negligible under low power 

condition [7]. The analytical solutions to Eqs. (2.11) that give the variation of modal 

amplitudes a, and a2 along z-direction has the form 

-j J61 + '62 z 
91+92 

Z 

a, W=a, (0) Cos( Fz 
+jF[a2(0)+(MI + jM i 

)a, (0)] sin F z) e2 -e 
2 

(2.12a) 
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Ic pýl +ý2 
z 

91 +92 

a2(Z) =a, (0) cos 
Fz 

+jF[a, (O)-(M, + iMi WO)]sin 
Fze2 -e 

2 

(2.12b) 

where F is a parameter describing the detune between the propagation constants of the two 
waveguides: 

=11+[Mr+ Mifýl Fj2 (2.13) 

Mr-A-"2 2 ic 

mi - 
91 -92 

(2.15) 
2 ic 

From Eqs. (2.12), it can be seen that the modal amplitudes a, and a2 vary in a 

complementary manner along the z-direction indicating power transfer between waveguides, 

similar to the coupling process in the passive coupler. The operation of a nonlinear coupler 

functioning as a switch is based on the fact that at low power all the power initially launched 

into one waveguide is swapped (coupled) to the other waveguide within a coupling length. In 

the presence of a phase mismatch M,, i. e. when the two individual waveguide modes have 

different propagation constant, complete power transfer between the two guides is not possible. 

However, this is not the case for the mismatch Mi, due to the difference in the imaginary part of 

the modal propagation constants of the individual waveguides. Let al(O) #0 and a2(0) = 0, with 

M, = 0, Eqs. (2.12) reduces to 

gl+g7 
Z 

22 
a, (z) = al (0)[cos 

F Z) +M, Fsin 
F z)] e-jßl+ß2 .e (2.16a) 

-j 

ßl +ß2 
Z 

gl+92 
Z 

'z: ja, (0) F sin -ze2e2 a2 (Z) 
«F) 

I 

with F simplified to F= (I 
- Mi 2 r2, 

and the coupling length L, is given by [7] 

(2.16b) 
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c= Lco 
+2 sin' M 

)r 
11 --m 

-il 
(2.17) 

where a, (L) =0 provided Wil < 1. Thus even with the mismatch Mi: ý 0 complete power transfer 
between two waveguides is possible. This provides the basis for the active vertical coupler 
(AVC) having one active waveguide with gain/loss coefficient and one passive waveguide to 
function as a switch. The perfect coupling is achieved in the device by adjusting the injected 

carrier density in the active layer to vary its refractive index so that at one point it matches that 

of the passive waveguide layer. Moreover, there will be some gain in the active waveguide with 
the injection of carrier which provides the amplification that will compensate propagation loss 

in the passive waveguide. 

2.4.2 Computer Modelling of AVC Operation 

In reality, coupled waveguides no longer support their individual waveguide modes. 
Instead, the eigenfunctions are so-called supermodes that satisfy the boundary conditions of the 

combined waveguide structure. Therefore, instead of solving Eqs. (2.12) analytically, computer 

modelling of the AVC operation is carried out by using a vectorial waveguide solver tool called 

"FIN4MWAVE" [8]. This solver allows simulation of light propagation in 2-dimensional or 3 

dimensional waveguide structures (by means of "FINMPROP-3D" [9]) with complex index 

profiles using the film mode matching methods [10-12]. The resulting transverse modes are 

fully vectorial modes and their propagation are characterised. by their complex eigenvalues. 

The AVC device model is illustrated in Fig. 2.6. The dimensions of the model are based on 

the existing device, which are 450gm long and 5gm wide. The active region has a separate- 
0 

confinement heterostructure (SCH) with 7x 75A InGaAsP quantum wells (QWs) separated by 

60A Q1.3 barriers. The QI. 2 passive waveguide layer is 0.7gm thick, and the spacing layer 0 

thickness is 1.35ýtm. The etch depth is such that it penetrates both waveguide layers, and the 

sidewall is passivated. by a Si02 layer. The device model consists of passive input/output 

waveguide sections where the active layer and half the spacer layer are removed. The 

fundamental mode from the input waveguide excites the supermodes in AVC 1. The TIR mirror 

is simulated by an aperture which cuts off the field below the mid-point of the spacer layer at 

the end of the first AVC. This truncated field then excites the supermodes in AVC2, which in 

turn, with the field distribution at its end cross section, excites the output passive waveguide 

mode. 
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Figure 2.6 Schematic illustration of the ON-state device model with the input/output waveguide modes, 
the supermodes of the coupler, and the mirror aperture. A cross-section view is also given at the top of 
the figure. 

Key material parameters in the device model include the background refractive index no of 

quaternary alloy semiconductor ln,, Gal-, AsyP, 
-y, the differential gain dgIdN in respect to carrier 

density, N, and differential refractive index change dn1dN in the QWs, as well as the 

monomolecular (A), radiative (B), and Auger (C) recombination coefficients in the QWs- 

Values of A= 5x 107 
,B= 

lXlO-IOCM-3 and C=IX 10-28CM-6 are used. Adachi's model [13] is 

used to calculate the background material refractive index dispersion data no(A) for the 

quaternary materials used. Away from bandgap this has been shown to give good agreement 

with measured results. Close to and above bandgap, a broadening factor of 25meV for the 

oscillator is used [14]. The differential gain value for unstrained QWs of 3xlO -16 cm 2 and dnIdN 

value of 2x 10-20CM3 at bandgap wavelength are used in the simulation [15]. The background 

absorption in the QW at the bandgap wavelength is assumed to be ao = 5000cm-1, and the 

transparent carrier density, N, is assumed to be 1.5x 1018Cm-3 . 
The refractive index n and 

absorption a in the QWs are changed according to the following formula [61: 

n(A) = no (A) + 
dn N (2.18) 
dN 

ao 
N (when N< N) (2.19) 
Nt 

and 

g= 
dg 

(N-Nt) (when N> N) (2.20) 
dN 
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where N is the carrier density in the QWs. N at current density J is decided by solving the 

steady-state carrier density rate equation [61 

qj 
- =AN+BN 2+ CN 3 

edqwNqw 
(2.21) 

where e is the electron charge, q=0.8 is the injection efficiency, dq,,, is the thickness of each 
QW, and Nq,, is the number of QWs. Carriers are assumed to be evenly distributed in all QWs. 

To simulate a passive directional coupler which is a linear device, first a file (waveguide 

file) consists of the cross-section description of the device is created. Then FIMMWAVE is 

used to find the fully vectorial transverse modes of the waveguides according to the boundary 

condition setting in the simulation. In the case of directional coupler, since the even and odd 

modes (supermodes) of the compound structure completely describe its operation [6,15], they 

are used in association with the cross-section structure to generate a FIMMPROP 3-D 

component, where the propagation characteristics of the modes can be analysed at any length of 

the device component. 

The main steps involved in simulating the AVC device are outlined below: 

a) A rectangular waveguide file (RWG file) is created based on the cross-section of 

device model shown in Fig. 2.6, with material parameters described above and a 

specified value of carrier density, N, in the upper active waveguide. The 

corresponding value of current density can be worked out by solving Eq. (2.21) 

b) FLVIMWAVE mode solver is then used to find all the complex eigenmode profiles 

for the generated RWG file. As for the simulation of a coupler, only the two 

supennodes with highest effective refractive indices are of interest. In particular, 

the transverse electric (TE) modes will only be considered as the existing AVC 

design is optimised based on unstrained QW structures. 

c) Following this, FIMMPROP-3D is used to build a 3D component with two 

sections. The first section is used to simulate the portion of passive waveguide that 

without the active waveguide on top of it (Fig. 2.6). Light will be launched in one 

end of this waveguide and assuming there is no loss in the section, so the length 

can be arbitrary. The other section is based on the generated AVC RWG file with 

those TE supermodes found in FIN4MWAVE. Its length is set to the device length, 

which in this case is 450gm. S-parameters (scattering matrix) for this component 

is then extracted using the FIAMPROP-31) and recorded. In other words, the 

output power from both the active waveguide and the passive waveguide can be 

obtained. 
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d) It is assumed that the TIR mirror deflects all the light in the active waveguide to 
the connected active waveguide in perpendicular direction. So the reverse process 
of (c) can be repeated by feeding the recorded output power value from active 
waveguide into another active waveguide of FIMMPROP-31) component and 
record the S-parameters after the light has travelled the same length. The output 
power from the passive waveguide of the second component will be the simulated 
result for the AVC structure of this particular value of N (and the corresponding J). 

e) Steps (a) - (d) are then repeated for other value of N to get the switching 
characteristics of the AVC structure. 

2.4 THE OXS MATRIX SWITCHING PERFORMANCE 

In this section, the OXS matrix switching performance is characterised as well as the path 
dependent loss across the matrix is studied, which these works have been published in [16]. 

The finding of these characteristics contributes to the understanding of the inherent 

functionalities of the OXS matrix, where they are utilised to apply in the optical switching 

subsystem under the optical packet switching/optical label switching (OPS/OLS) scenario. All 

these important findings formed the starting point of this dissertation. 

2.4.1 Switching Characterisation 

A setup shown in Fig. 2.7 is used to measure the AVC based OXS switching characteristics. 

The experimental setup is placed on a violation-isolated optical table and the OXS chip is 

mounted on a heatsink. A UP8168E tuneable laser source generates an input signal with OdBm 

power in the wavelength range of 1470-1580nm, which is modulated using a Mach-Zehnder 

Interferometer (MZI) into a series of light pulses with IýIs pulse width synchronised to the 

variable amplitude switching current pulse. The I-gs pulse is repeated every 100gs, which 

gives a 1% duty cycle. The optical signal is transmitted through a single mode fibre (SMF) 

whereas the electrical signal modulating the NM is transmitted via a SMA cable. The 

switching current pulse is generated by a pulse generator which is connected to a 50-ohm 

ceramic resistor in serial with the probe. The amplitude of signal from the pulse generator is 

observed using a 20-NlHz oscilloscope where the current injected into the OXS switch cell can 

be figured out. 
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Figure 2.7 Experimental setup for switching performance characterisation 

The light signal is coupled in and out of the 4x4 matrix using two conical fibre lenses, 

which are mounted on a long arm of a piece of aluminium sitting on a Melles Griot XYZ optical 
stage. To align the fibre lenses with facets of the passive waveguides of the OXS chip 
(input/output of the optical signal), the other end of the fibre lenses are connected a power meter. 
Then, some current (50-100mA) is injected into the switch cell of the OXS, where the AVC will 

generate some spontaneous emission noise, which is measured by the power meter. The 

alignment can then be done by adjusting the position of the fibre lenses to the largest measured 

noise value. 

In the experiment, a polarisation controller (PC) is used in order to produce TE polarised 
input signal. At the output, the signal is filtered using an optical bandpass filter to suppress the 

amplified spontaneous emission (ASE) noise. The fibre coupling loss in the set-up is measured 

at about 8dB per facet due to the highly elliptical waveguide near field. The measurement is 

taken between 20mA and 244mA with 4mA step. 

The measured switching characteristics of switch cells at row A are shown in Fig. 2.8, after 

deducting a total loss of l8dB in the measurement system, including polarisation controller, 

input/output coupling, and optical filter. It is observed that a lossless switching or optical gain 

can be obtained across the matrix at the ON-state current of 200mA. 

With the device in OFF-state (zero current), the measured on-chip leakage level was less 

than -67dB between all inputs and outputs, resulting in an ON-OFF contrast of about 70dB at 

200mA. Furthermore, no increase in leakage signal levels could be measured in all other 

outputs with any switch unit being switched into ON-state, confirming the excellent crosstalk 

suppression in the switch matrix. 
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Figure 2.8 Modelled and measured switching characteristics at 1550 nm for an AVC device. 

The computer model is validated against the measured switching characteristic of the same 

structure. The agreement is good except for the absolute transmission values, where the 

measured values are approximately 3-5dB lower than the calculated curve. This kind of 
discrepancy can be reasonably attributed to material losses that are not accounted for in the 

model, and fabrication related imperfections. It is important to note that the maxima and minima 

in both curves are arrived at almost the same current values. This is a good indication that the 

model reflects the coupling process in the AVC correctly, as these represent the maxima and 

minima of field amplitude moving pass the end of the couplers as the refractive index is 

changed. 

At O-dBm input signal level with injected current of 200mA, the unfiltered output spectrum 

is characterized by a switched signal peak of 34dB above the device ASE floor, as shown in Fig. 

2.9. The resolution of the optical spectrum analyser used in this measurement is O. Inm. A 

gain-wavelength response measurement (envelope curve shown in Fig. 2.9) observes a 3-dB 

optical bandwidth of 20 nm in the C-band. 
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Figure 2.9 Spectrum of 1550-nm switched output signal, with O-dBrn input power and 0.1 -nm resolution, 
measured at I% duty cycle. 

2.4.2 Path-Dependent Loss Performance 

During the switching operation, in most cases the signals (except switch at switch cell DI 
in Fig. 2.7) travels in the passive waveguide below the active waveguide in the one of the two 
AVCs of some other switch which is in the OFF-state. Apart from common reasons such as 

material, waveguide, and scattering losses, the AVC transmission loss is mainly caused by 

residual coupling of light into this active layer, which is at very high absorption state. Signal 

optical energy loss due to this residual coupling is converted into carriers in the active layer, 

which are utilised in Chapter 3 for label detection. The design of the existing OXS device has 

included the consideration of optimising the path-dependent loss and transmission equalisation 
by carefully adjusting those parameters such as spacer thickness between passive and active 

waveguides, AVC length, injection curTent density, and power consumption [2]. It is aimed to 

achieved an OFF-state loss of -0.5 dB per switch cell, giving a result of 3-dB difference between 

worst-path transmission (A4) and best-path transmission (Dl) across the 4x4 matrix. 

Further switching characterisation of the AVC based OXS matrix has been carried out on 

each of the 16 switch cells with the same setup as shown in Fig. 2.7. The average on-chip 

transmission is plotted in Fig. 2.10, with the error bars indicating the range of transmission. 

Although the range can be as large as lOdB at the rising slope of the transmission curves, the 

transmission difference of less than 3dB has been observed across the matrix for switching 

current values 150mA and above. This meets the design requirement of 0.5dB per cell OFF-state 

loss. At ON-state switching current of 200mA, transmission equalisation within the 3-dB path- 

dependent loss can simply be carried out by trimming the on-state injection current to each 

switch unit in the matrix. This has indeed contributed to the application in Chapter 4, where 

dynamic power equalisation of input signals with different optical power levels can be 

2-15 

1535 1545 1555 1565 1575 



performed. About 3-dB gain can be obtained at this current, which means that the lossless 
transnussion can still be maintained after equalising the transmission due to path-dependent loss. 

10 

0 

-10 
c- 
.2g Om Toj -0 -20 E- 
0 r- 

0 

-30 CL *j= 0 

-40 0 -0 
CD 

9 

cn 

-9-- -50 > < 

-60 

-70 

-- -------- 

-- -------- 

-- -------- -- ---- ---- -- ---- ---- 

-- -------- 

-- ------- -- ---- --------- ---- -- 

0 50 100 150 200 250 
Current (rnA) 

Figure 2.10 A4x4 OXS matrix average switching characteristic and standard deviation 

2.5 SUNMARY 

In this chapter, the structure of an active vertical coupler based optical crosspoint switch is 

presented. The switching mechanism has also been given, where variation of refractive index 

due to carrier injection at upper active waveguide provides the means of signal coupling, 

switching, as well as amplification. Theoretical analysis was then given using the coupled 

mode theory. A simulation model based on the device structure has also been carried out by 

making use of the software called 'FIMMWAVE'. By employing the InGaAsP-InP active 

vertical coupler based switching matrix, it has been demonstrated an ON-OFF extinction ratio as 

high as 70dB and crosstalk levels of <-65dB can be obtained. Lossless switching with optical 

gain up to 3dB is achieved across the matrix. Less than MB path-dependent loss across the 

matrix was also obtained. This was further validated by the computer simulation, where a good 

agreement was achieved. All these features are further utilised to demonstrate the applications 

in an OPS/OLS scenario which are discussed in the following chapters. The device, however, is 

polarisation-dependent. Therefore, polarisation controller is needed in the experiment. Heating 

due to the high switching current also limits the maximum duty cycle that can be used in the 

experiment. 
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Chapter 3 

OPTICAL LABEL DETECTION AND OPTICAL PACKET 
SWITCIFHNG USING A4x4 AVC BASED OXS MATRIX 

3.1 INTRODUCTION 

One of the key elements in the optical label switching (OLS) node architecture is the 

switch control unit [1]. This switch control unit serves as an interface that will process the 

optical labels and issue all the necessary commands to configure the switch fabric accordingly. 

As all-optical processing is still in a rudimentary stage, optical-to-electrical (O/E) conversion of 

the label and processing it electronically is the preferable approach at current stage [2-5]. In this 

approach, a small portion of optical power is tapped from the input signal followed by 

photodetection and label recovery. The recovered label which contains the information 

necessary for switching and forwarding the payload is then processed by the switch control 

processor and configure the switch fabric accordingly. The optical labels can be coded onto the 

payload in a variety of ways; the simplest one is the mixed-rate serial approach [6]. In this 

approach a lower bit rate label is attached to the front end of the payload. The payload bit rate 
I- 

is then independent of the label bit rate, and the label can be detected and processed using 

lower-cost electronics. 
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In Section 2.4.2, the path-dependant loss across the OXS matrix was discussed where it can 
be seen as an inevitable 'defect' of the device. In this chapter, this 'defect' is utilised to a useful 
application in which residual coupling into the active waveguide of the AVC based OXS is used 
to perform optical label detection; eliminating the needs of using additional optical components. 
This extra function is integrated with OXS to perform lOGb/s optical packet switching. 

The outline of this chapter is given as follow: first, detailed characterisation of both label 

detection sensitivity and switched packet signal quality under this signalling scheme is carried 

out. Hardware design and implementation of the optical processing unit is also described. The 

device is then used to demonstrate variable length optical packet switching. Summary of this 

work is given in the end of the chapter. 
Switching of variable length packets with minimum packet loss, particularly when arriving 

asynchronously, is a challenging task due to the need for contention resolution. Recent works 
[7,8] have demonstrated complex techniques addressing this problem. The optical layer 

technology for these schemes is mainly based on all-optical wavelength conversion. The aim in 

this chapter is to demonstrate the applicability of space switching as an effective alternative and 

complementary optical layer technology for wavelength conversion. Contention resolution is 

not considered here as it belongs to the realm of higher level routing control, and can only be 

dealt with by a much more complicated structure. 

3.2 OPTICAL TAPPING AND PHOTODETECION 

3.2.1 Principle of Operation 

As discussed in Chapter 2, the OXS matrix is fabricated in quaternary semiconductor 

multi-layers deposited on an InP substrate. The matrix consists of two perpendicular groups of 

passive ridge waveguides forming the input and output waveguides. At the crosspoint two 

AVCs are formed using a light-amplifying active waveguide layer grown on top of the passive 

waveguides. This allows switching via both refractive index and gainlabsorption changes 

induced by carrier injection. In the ON-state carriers are injected into the switch cell to facilitate 

switching. In OFF-state the light signal passes through the cell along the input passive 

waveguide to subsequent switching cells. However, there is inevitably residual coupling of 

light into the active layer which is now in a high absorption state. This residual coupling is a 

main source of OFF-state loss, and has been carefully minimised to about -0.5dB per switch cell 

to achieve low path-dependent loss, as demonstrated in Section 2.3.2. This is equivalent to 

tapping of about 11% or -9.6 dB of the incoming optical power. If an external circuit (with low 

input impedance) is added to the top contact of the active waveguide layer, photocurrent will be 

generated, with the OXS switch cell now serving as a photodetector. This photocurrent signal 

can then be used for label detection and decoding. 
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3.2.2 Photocurrent Measurement 

To characterise the label detection sensitivity, a simple photocurrent measurement 
experiment is first set up as illustrated in Fig. 3.1. The 4X4 OXS device is bonded to a copper 
heatsink with device side up. A continuous wave (CW) at wavelength of 1550m-n from a 
HP8168E tuneable laser source, is external modulated by an Anritsu MP1758A pulse pattern 
generator (PPG) at data rate of 155Mb/s with alternating 'I' and '0'. This optical data stream is 
used to imitate the label pattern which will be used in the optical label detection scheme 
explained in the next section. The bit pattern is set by manually setting the front panel of the 
Anritsu MP1758A PPG. The length of the bit pattern is set to 16 bits (as there are 16 pattern- 
setting buttons on the front panel of the PPG). The frequency of the PPG's clock is set to 
155MHz. There are in total 4 Data channels and 2 Clock channels in the PPG; only Data 
Channel I is used in this experiment. 

The optical signal is then fed through an optical attenuator (OA) and a polarisation 

controller (PC) before coupled it into the OXS using a conical fibre lens. The alignments of 
fibre lens and the facets of the passive waveguides of the OXS are done as described in Section 

2.4.1. Polarisation controllers are used in order to produce TE-polarised input signal. A probe 
is placed on the contact-pad of the OXS and a micro-ammeter is used to measure the generated 

photocurrent. 

Figure 3.1 Experiment setup for photocurrent measurement of OXS. MZ: Mach-Zehnder Interferometer; 
PPG: Pulse Pattern Generator; EDFA: erbium doped fibre amplifier; OBP: Optical Bandpass Filter; OA: 

Optical Attenuator; PC: Polarisation Controller; gA: micro-ammeter. 

The measurement is taken by first setting the power level of the tuneable laser source to 

5dBm (maximum power giving by the laser source). There is a measured of -8dB insertion loss 

in the MZ, which it is then compensated by the EDFA (with attenuation of the OA set to 0). 

There will be another I dB loss in OA and PC. The fibre coupling loss in the setup is about 8dB 
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per facet. The photocurrent measured by the micro-ammeter is then recorded. The 

measurement is then repeated with increasing the attenuation of the OA with ldB-step. 
The photo-detection characteristics for the first column switch cells in the OXS matrix are 

shown in Fig. 3.2, which give a responsivity of O. IAIW. This performance is comparable to 
tapping 10% of incoming signal with a 90: 10 coupler and detection by a photodiode with a 
responsivity of I A/W. The latter would be the normal practice in optical label detection process 
[3,4]. The minimum detectable input range of the quantiser in the clock recovery and data 

retiming (CDR) device used in the hardware implementation is 5mV. From Fig. 3.2, the lowest 

measured photocurrent at input power of -22dBm is 0.54gA, where an output voltage of 
10.8mV can be obtained with a 20M transimpedance amplifier (TIA), which is 5.8mV larger 

than the minimum level detect range of the CDR. Therefore, the input optical sensitivity of the 

label detection with the OXS will be at least -22dBm when using a TIA with 20M differential 

trans-impedance, as in the case of the hardware implementation given in the later section. 
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Figure 3.2 Photodetection characteristics of the first column switch cells at the OXS matrix. 

3.3 OPTICAL LABEL DETECTION AND OPTICAL PACKET SWITCHING 

3.3.1 Design and Implementation of Optical Label Processing Unit 

To implement the optical label detection using the OXS while performing the optical 

packet switching function, an optical label processing unit is needed to process the detected 

label and configure the OXS accordingly. 
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Figure 3.3 Functional block diagram of the optical label processing unit to implement optical label 
detection and optical packet switching using OXS matrix. 

The functional block diagram of the optical label processing unit is illustrated in Fig. 3.3. 
As described in Section 3.2, a portion (-10%) of the optical label that coupled into the OXS is 

'tapped' and detected by OXS switch cell. The generated photocurrent is picked up and fed into 

a transimpedance amplifier (TIA), where it will be converted to amplified voltage output. The 

optical labels are then recovered by using a clock recovery and data retiming (CDR) device, 

before being processed by a label processor. This label processor will then enable one of the 

switch cells by configuring the driver gates that form the control driver to each of the switch cell 
in the OXS matrix. 

Before the optical label processing unit can be put into practical, several specifications 

have to be defined so that it can be followed by the hardware implementation design: 

0 Labelling coding technique. Mixed rate bit-serial labelling will be employed in the 

subsystem, where the data rate of the optical label will be at 155Mb/s and the data 

payload will be running at IOGb/s. The speed of detection should be potentially very 

fast as the AVC is similar to a travelling wave detector. However contact pad 

capacitance is not minimised in the existing devices so a label bit rate of 155Mb/s is 

used. Furthermore, off-the-shelf 155Mb/s-based electronic components are offered at 

low cost as well as with a large variety, which has greatly reduced the hardware 

prototyping cost of this work. Non-retum-to-zero (NRZ) intensity modulation (IM) 

data format will be used in the subsystem, where logic '1' is represented with light and 

logic '0' is without light. There may be other modulation formats that are more 

efficient or reliable than NRZ/IM scheme [9,101, but those techniques involve more 

complicated detection methods, which are beyond the scope of this study. 

packet delineation and synchronisation. Due to the lack of a fast lock-in clock 

recovery circuit capable of establishing clock recovery well within a label length 

(normally less than 10 bits), it is decided to transmit the optical labels through a 
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separate wavelength (optical signalling channel, OSC) such that when there is no 
optical label to transmit, the OSC is filled with alternating '1' and '0' to keep the clock 
recovery circuit locked in. As the OSC channel is filled with continuous '1010101 --.. ' 

stream to keep the synchronisation, the arrival of a packet or the beginning of the label 

should have a sequence different from the clock lock-in sequence. In this case, '1100' 
is chosen as the packet arrival flag for its simplicity. 
Processing time constraint. To perform optical packet switching, it is generally 
required that the optical label processing time will not introduce too much delay to the 

overall switching process in order to maintain the throughput performance. Therefore, 
it is aimed to have the overall processing time in the electrical domain within 50ns. 

Contention resolution. There is no contention resolution scheme included in the 

subsystem as it belongs to the realm of higher level routing control, and can only be 

dealt with by a much more complicated structure. 
In practical systems the use of separate wavelength for label and payload may not be 

practical. This is because it is very difficult to keep the consistency of guard time between the 

label and payload at two different wavelengths during the transmission in the optical network. 
This problem has been rectified in Chapter 4 where the label and payload are put in the same 

wavelength. The use of 155Mb/s as the data rate for the label in the real system will introduce a 

large overhead in the optical packet as the label not only carries the addressing information but 

will also carry other information such as flags, header checksum, size of datagram, type of 

service, etc. (for IP packet). This data rate is considered sufficient to demonstrate the label 

detection functionality. Higher electronic process speed for this kind of implementation have 

been reported by other research groups such as 2.5Gb/s header processing, in [20] and IOGb/s in 

[21]. It is desired to have an all optical processing unit in future where no O/E will be involved 

to give better efficiency. Currently, the Bristol Photonics Group is involved in EU-FP6 

consortium to develop a device to provide all-optical logic functions for high speed (up to 

40Gb/s) all-optical signal processing based on integrated semiconductor optical amplifier Mach- 

Zehnder Interferometer (SOA-MZI) [3]. 
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A photograph of the optical label processing unit board is shown in Fig. 3.4. This board 

can be divided into 4 stages: 

a) TIA - CDR 

The transimpedance amplifier (TIA) used in the board is AD8015 from Analog 

Devices, which gives wide bandwidth (240MHz), low noise, and ability to convert the 

photocurrent into differential voltage output with a differential transimpendance of 

20kfl [11]. The 240MHz-bandwidth surely enables AD8015 to support the optical 

label rate of 155Mb/s in the subsystem. More importantly, the AD8015 is designed to 

work with AD807 (fibre optic receiver with quantiser and clock recovery and data 

retiming, Analog Devices [12]) to provide a complete 155Mb/s optical receiver with 

transimpedance amplifier, post amplifier with signal detect output, and clock recovery 

and data retiming. Only a single supply of 5V is required for both components in 

normal operating condition. The linear input current range of AD8015 is ±30ýtA and 

the maximum input current range (saturation) is ±350ýLA. From Section 3.2.2, the 

responsivitiy of the OXS as a photodetector is -O. IA/W. This means that the 

maximum input optical power range of the OXS is about 5dBm. The minimum 

detectable range of the quantiser in the AD807 is 5mV (with threshold resistance set to 

50W). From Fig. 3.2, the lowest measured photocurrent with the received optical 

power of -22dBm is 0.54ýtA. This is equivalent to an output voltage of 10.8mV with 

the TIA differential trans-resi stance of 20kKI, -which is 5.8mV larger than the level 

detect range. Therefore, at input optical power of -22dBm, the OXS is still able to 

detect the optical label without error. 
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Figure 3.4 Photograph of the optical label processing unit board interfaces with OXS matrix. 2: 1 



The main drawback of this receiver is the AD807 is unable to lock the phase if there 
is a long period of no transitions (240 bits of '0' will give a 40 degrees phase drift). 
The acquisition time is long as compared to the label length. This is the common 
properties for this type of devices (optical fibre receivers) available in the market at 
current stage because these electrical components are mainly designed for 
SONET/SDH system. This is why an OSC signal has to be introduced in order to 
maintain the locked clock in phase with the recovered label. The overall delay 
introduced by this sub-module is expected to be less than 5ns, according to the 
specifications in the product data sheets [11,12]. 

In the detection operation, the generated photocurrent from the OXS is fed into the 
AD8015. The AD8015 outputs (P,, u, and N. nt) drive a differential, constant impedance 
(5092) low-pass it-filter with a MB cutoff frequency of 100MHz. The outputs of the 
low-pass filter are ac-coupled to the AD807 inputs (Pin and Nin). The AD807 will 
recover the clock and retime the data, which gives two complementary clock outputs 

and two complementary data outputs, all in Positive Emitter Coupled Logic (PECL) 

voltage levels (VOH = 4V, VOL = 3.2V, with Vcc = 5V). 

b) Level Translator 

Due to that the label processor (a complex programmable logic device, CPLD) 

operates at 2.5V, 3.3V or 5V TTUCMOS system; the output levels from AD807 are 

not compatible with the label processor. Therefore, voltage level translators are 

employed. The MCIOOLVEL92 (ON Semiconductor, [13]) receives standard PECL 

signals and translates them to differential low-voltage-PECL (LVPECL) output signals. 

Then the MCIOOLVELT23 (ON Semiconductor, [14]) is used to translate the dual 

LVPECL signals into LVTTL signals, which will be compatible with the use of the 

CPLD. This has brought the 5V (PECL) system down to a 3.3V operating 

environment. The overall delays caused by these components are expected to be about 

3ns. 

c) Label Processor 

The main roles played by the label processor include detection of the arrival of the 

label, address decoding, and enabling the driver gates to turn ON/OFF the switch cells in 

the OXS matrix to facilitate optical packet forwardingtrouting. Due to the simplicity 

of the required logic design, a complex programmable logic device (CPLD) is used 

instead of field programmable gate array (FPGA). The main advantage of using CPLD 

is due to its implementation simplicity and also its operation condition is more 

deterministic in term of estimating the overall operating frequency. This is because the 
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available usable gates offered by the CPLD is normally much less than a FPGA can 
offer and this has put a complexity constraint in the implementation but is more 
guaranteed in term of operating frequency. The CPLD used in the label processing 
subsystem is XC9572XL-PC44 (Xilinx). This device can offer up to 178MHz system 
frequency and a total number of 34 user-1/0 pins [151. It comprises of 1,600 usable 
gates with propagation delays of 5ns. All these features meet the design requirements 
for the optical label processing subsystem, where the data rate is 155Mb/s and about 20 
user 1/0 pins are needed. To implement the logic design with this CPLD, a computer 
aided design (CAD) tool called 'Xilinx Foundation 4.0i' has been used, where all the 
functional logic design can be worked out through the graphic user interface (GUI) 
provided by the software. The design is further helped by the simulation tool in the 
software, where the functional operation of the design can be predicted before it is 
implemented into the CPLD chip. This has greatly reduced the time needed to 
troubleshoot the CPLD functions in the subsystem prototyping. 

I 
The main components in the CPLD include a serial-in-parallel-out register, a packet 

arrival flag ('1100') detector formed by 4 logic gates, a counter, and an address 
decoder/demultiplexer. When a packet arrival flag is detected, the address decoder 

will demultiplex the received address bits to assert the corresponding output pin. This 

assertion will hold until the counter has counted to the pre-programmed turn-ON period. 
The whole system is then reset to wait for another packet arrival flag, and the same 

process will repeat again. 

d) Driver gates 

There are two main challenges in choosing the suitable components to implement 

the driver gating to the OXS switch cells: (i) current as high as 200mA needs to be 

injected to the OXS switch cells and (ii) in a very short instant (in the magnitude of 

nanoseconds). A P-channel power MOSFET, MGSFlP02LTI (ON Semiconductor) 

has been chosen for this implementation [16]. This device can provide current up to 

750mA. More importantly, the typical total delay (turn-on delay time plus rise time) is 

only 3.5ns according to the specification in the product data sheet. The threshold 

voltage of this device is 1.7V, which means that the output voltage can be directly 

taken from the CPLD (3.3V) to drive the power MOSFET, namely the gate-to-source 

voltage (VGS). An adjustable voltage regulator LM317 (National Semiconductor, [17]) 

is used to control the drain-to-source voltage (VDs) to limit the tum-ON current to 

200mA. A P-channel MOSFET has to be used because the n-side of the OXS (the load) 

is connected to ground and positive power supply is required to apply the carrier 

injection. The use of P-Channel MOSFET allows the load to be tied to the drain so 
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that the gate drive can be referenced to one side of the supply (positive supply) 1181. 
In the proposed application, the variation Of VGS is solely due to the output voltage 
from the CPLD, where the MOSFET can be turned ON when the logic level is '0' and 
OFF when the logic level is 'I'. The OXS, on the other hand, is connected to the drain- 
pin of the MOSFET, which does not affect the control of the drain current, ID. 

3.3.2 Demonstration of Optical Label Detection and Optical Packet Switching 

Optical Label 

- Processing Unit 
Labelchannel 

C OSC) P C 0SC) 1234 
mz L 

A1=1550nm A 
' 

PPG2 P G1 
50: 50 PC - B 

C + PC PC 

mz 
EDFA OBP OA -IF D 

A, =1552nm Payload channel 0xS 

0E3P 

I OGb/s receiver modui7le] 

Figure 3.5 Experimental setup for demonstrating optical label detection and optical packet switching 
using a4x4 OXS matrix. PC: polarisation controller; PPG: pulse pattern generator, MZ: Mach-Zehnder 
modulator; EDFA: erbium doped fibre amplifier; OBP: optical bandpass filter; OA: optical attenuator; 
DCA: digital communication analyser. 

The experimental setup to demonstrate optical label detection and optical packet switching 

is shown in Fig. 3.5. The 4x4 OXS device is bonded to a copper heatsink with device side up. 

Data payloads are generated with a pseudo-random bit sequence (PRBS) of length 2 15_ 1 at 

9920Mb/s from an Anritsu MP1758A pulse pattern generator (PPG), and externally modulate a 

continuous wave (CW) of wavelength 1552nm(42) (HP8168E tuneable laser source) using a 

JDS Uniphase-100-04003 Mach-Zehnder modulator (MZ). PRBS of length 2 15_1 is used as it is 

the longest possible PRBS sequence to fit into one pattern cycle in the customer programmable 

memory in the MP1758A PPG. Optical labels are generated by programming a second channel 

of the PPG, with every 'bit' of the optical label formed by 64 bits of 9920Mb/ s NRZ data, 

generating a 155Mb/s label data rate. The optical labels are transmitted via the optical 

signalling channel (OSC) at a separated wavelength of 1550nm (XI). 
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The modulated optical signals are coupled with a MB coupler before amplified by an 
erbiurn doped fibre amplifier (EDFA) in order to compensate the losses in the MZ's and the 
coupler. An optical bandpass filter (OBP) is used to suppress the EDFA spontaneous emission 
noise. The OBP has 3nm bandwidth to pass both payload and label wavelengths. The optical 
signal then passes through the polarisation controller (PC) in order to produce TE-polarised 

signal and an optical attenuator (OA) before it is coupled into the OXS by a conical fibre lens. 
A portion of the optical signals will be picked up by the optical label processing unit, where O/E 

conversion, label extraction and processing, switch reconfiguration will be performed here. The 

switched optical output signal is then collected by another conical lensed fibre, filtered using a 
second OBP to suppress the label channel, before detected by aI OGb/s JDS Uniphase ERM568 

photodetector/transimpedance (PD-TIA) module, then analysed by a BP83480A digital 

communication analyser (DCA). 

Each label signal consists of 4 bits of packet arrival flag (logic '1100') and 2 bits of 

addressing bits, corresponding to the 4 respective switch cells in a single row of OXS, namely 
'00' indicates turning ON the switch cell at the first column (Column I in Fig. 3.5), '01' to turn 

ON the switch cell at the second column, and so on. To detect the incoming signal as well as to 

inject current into the OXS, a4x4 multi-probe board is used, with each probe corresponds to 

the individual contact pad of the OXS chip. Electrical signals (in current form) are drawn out or 

pumped into the OXS chip through those probes and the multi-probes board provides the 

electrical interface with a total of 16 SMA connectors, each connector corresponds to one of the 

probes. The label detection and packet switching can be performed by any switch cell in the 

OXS. In this experiment, row C (as indicated in Fig. 3.5) in the OXS matrix has been chosen to 

demonstrate those two functionalities, where CI is used as the label detector. 

The optical payload is very long and it is thus impractical to set the bit pattern in the user 

program memory manually. Therefore, the user-programniing tool of the PPG has been used. 

This is done by generating the bit pattern using a program written in C language. The 

programmed bit pattern is then loaded into the PPG channel's memory through the GPIB 

interface in the computer. In the C program, the data length and the PPG's data channel number 

are first set. This is followed by defining the pattern of the bit sequence, which can easily 

implemented by using the looping command in C language. 

The bit-serial label coding format is then realised by programming the data payload such 

that it is lagging 103.2ns behind the optical label, which includes label length of 38.7ns (6 label 

bits) and 64.5ns guard time (10 label bits). The packet length is 1.039s (160 label bits) in total 

and the packets are repeated every 4.13ýLs or 640 label bits. This gives a -20% duty cycle 

giving a thermal load where the device can cope with easily. The timing schematic is illustrated 

in Fig. 3.6. The total processing time in the label processing unit is estimated to be less than 
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30ns. However, due to the lack of contact pad capacitance minimisation, an extra 35ns is added 
in the guard time to ensure full current injection to the OXS before the arrival of the payload. 
The label processor is programmed such that as soon as it detects a packet arrival flag ('1100') 

and read the following two address bits, it turns ON the corresponding switch cell for a period of 
1.03[ts (160 label bits). This gating window will provide enough room for the data payload to 

switch to the destination port of the OXS matrix. 

4.13, us 
-Too. 

929ns 64.5ns 38.7ns .1 OSC channel 4 

.......... nn ri-n ........ nn ri nn inum, 
Guard Label 

Payload channel time 

----------- 
Idle Payload (215- 1) Idle 

Figure 3.6 Timing schematic of 155Mb/s optical labels and I OGb/s data payloads programmed in the 
PPG. 

The first measurement is taken by assessing the quality of the detected optical labels. The 

CW optical power levels for both optical labels and payloads are set to OdBm. The losses in the 

MZ's are about 8dB. 

The waveforms of the transmitted optical label and the OSC signals after the MZ are 

shown in Fig. 3.7(a). It can be seen that the address bits are 'I F after the packet arrival flag 

'1100', which means that the destination port will be the forth column in the OXS matrix, or C4 

in this experiment (Fig. 3.4). The optical spectra for the combined label and data payload 

captured by an Anritsu Optical Spectrum Analyser (OSA) are shown in Fig. 3.7(b) where the 

wavelengths for optical labels and payload are 1550run and 1552nm respectively. The optical 

powers given by the spectra are about -12dBm, which include losses in the MZ and the 3dB- 

coupler. 
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Figure 3.7 (a) Transmitted optical labels ('110011') operating at 155Mb/s (50gW/div); (c) Optical 
spectral of optical labels (1550nm) and data payload (1552nm). 

The combined optical labels and payloads are amplified by the EDFA to OdBrn, where the 

ASE is filtered by a 3nm-OBP. Initially, no attenuation is set on the OA. A DCA is used to 

observe the detected 155Mb/s optical labels by the OXS switch cell and the waveforms are 

shown in Fig. 3.8(a). It can be clearly seen that the recovered labels match with the original 

optical labels pattern '11001 F shown in Fig. 3.7(a). This has demonstrated that the OXS can 

perform the functionalities of optical tapping and photodetection. Then, the recovered clock 

from the TIA-CDR circuit instead of the trigger signal from the PPG is used to trigger the DCA, 

which will give the eye diagram of the detected labels and the results are shown in Fig. 3.8(b). 

Very clear and open label eye diagram is recorded which shows the reliability of the developed 

hardware. 
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(a) 

Figure 3.8 (a) Detected 155Mb/s label sequence ('11001 V) by OXS; (b) Eye diagram of the detected label triggered by the recovered clock from TIA-CDR in the label processing unit. 

Next, optical packet switching performance of the OXS is investigated. The detected label 
'11001 F is processed by the label processing unit, which then turn ON the corresponding switch 
cell (switch cell C4 in this case), and the payload will come out from Column 4. Due to the lack 

of short packet CDR circuits that can recover the data and achieve synchronisation in very short 
timescales, signal Q factor instead of bit error rate (BER) at the outputs is measured. This is 
considered sufficient for characterisation of the signal quality related to the switching process, 
which mainly results in optical signal-to-noise (OSNR) deterioration due to amplified 

spontaneous emission (ASE) and optical power loss. The switching current is set to 200mA by 

trimming the variable resistor of the driver gates in the optical label processing unit board. The 

Q-factor performance for the IOGb/s payload switched through switch cell C4 is plotted in Fig. 

3.9, after deducting a total loss of 18dB, including polarisation controller, input/output fibre 

coupling, and optical filter. The Q-factor performance for the back-to-back IOGb/s payload is 

also plotted in Fig. 3.9. A power penalty of -1.5dB is observed at Q=7 (which corresponds to 

BER= 10-12) . The payload eye diagram corresponding to error-free operation (-18dBm) received 

power are shown as the inset of Fig. 3.9. 
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Figure 3.9 Q factor performance of switched payload at C4 and back-to-back. Inset (i) show the eye 
diagram of the I OGb/s payload transmitted through C4 at received power of - l8dBm (20ps/div). 
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Each point in the Q factor plot is obtained by taking the average value of the Q factor given 
by the DCA taken over a period of I minute. It can be observed that the variation of the 
measured Q factor is within ±0.1. Collection of more data for longer period cannot be done due 
to the drifting of the fibre lens alignment to the facet of the OXS chip. 

The optical spectrum of the switched payload is shown in Fig. 3.10, with input power of 
OdBm. It can be seen that the ASE noise generated in the switch does not significant impact the 
signal Q as the measured OSNR is as high as 36dB. 
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Figure 3.10 Optical spectrum of the switched IOGb/s payload through switch cell C4 with OdBm input 
power. 

3.3.3 Demonstration of Variable Length Optical Packet Routing 

The experimental setup as shown in Fig. 3.5 is also used to demonstrate the variable optical 

packet length routing using the 4x4 OXS matrix. Switch cell Cl is again used as the optical 

tap-photodetector. 
Some modifications have been made to the label coding scheme. The optical packet label 

consists of 4 bits packet arrival flag '1100', followed by 8 address bits and 2 data length bits. 

The address bits correspond to the 4X4 OXS matrix configuration, with the first 4 address bits 

refer to the row address (A, B, C, D) and the other 4 bits determine which switch cells in the 

row (1,2,3, or 4) to be turned ON. To allow variable length switching, 2 data-length bits are 

included to indicate the duration that the switch will be turned ON, with '00' for 100 label bits or 

0.65Rs, '01' for 180 label bits or 1.16Rs, '10' for 250 label bits or 1.61gs, '11' for 330 label bits 

or 2.13gs. The PPG is programmed such that the packet payload is lagging 154.8ns behind the 

optical label, which includes label length of 90.3ns (14 label bits) and 64.5ns guard time (10 

label bits). In this experiment, 3 different optical packets with different payload length are 

delivered to the OXS repeatedly, with the first and the third packet destined to output port at 

TMkri(Peak)i Norma ýA 
---- -- ------- --- , 

4.1 
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column 3 whereas the second packet would be switched through output port at column 4. The 

payload lengths of these 3 packets are 0.5gs (78 label bits), Igs (155 label bits), and 1.5gs (233 
label bits) respectively. At the outputs the switched signal is collected by a lensed 4-fibre array, 
and detected by aI OGb/s photo-detector/trans-impedance (PD-TIA) module, then analysed by a 
HP83480A digital communication analyser (DCA) and an Anritsu optical spectrum analyser 
(OSA). 

The look-up table in the decoder of the label processor (XC9572XL CPLD) is 

reprogrammed so that it can decode the address bits accordingly and also configures the turn-ON 
time according to the input data-length bits. 

The performance of the optical label decoding process is first assessed. The optical power 

of the transrrfitted signals from the OA is set to OdBm. The detected optical labels are captured 
by a DCA, which is triggered by the PPG. The recovered 155 Mb/s optical labels from the 

optical label processor unit are shown in Fig. 3.11 (a)-(c), which are the corresponding labels for 

three consecutive optical packets in the transmission. All labels are preceded by packet arrival 
flag '1100'. In Fig. 3(a), the label sequence is '11000010001000', which means switch cell C3 

will be turned ON for 0.65gs to facilitate the switching of payload with MRs long through 

output port at column 3. This switching process will be the same for the optical label in Fig. 

3.1 l(c) but the tUM-ON interval will be 1.61gs (data- length bits are '10'). For optical label in 

Fig. 3(b), the destination port is column 4 and the ON interval will be 1.16[ts as the data-length 

bits are '01'. Fig. 3(d) shows the modulated lOGb/s payload waveform. that will be delivered to 

OXS after combining with the optical labels, with 3 payload packets' lengths of 0.5gs, 1.0gs, 

and 1.5gs respectively. The power level for the payload in this measurement is about -10dBm 

(by including the insertion loss in the MZ and other losses during the transmission). The first 

and third payloads are switched to output port 3 successfully as shown in Fig. 3(e), whereas the 

second payload is collected from the output port 4 (Fig. 3(f)). Here an idle time of 0.5[ts is 

programmed between each packet so there is no contention. In reality any contention will have 

to be resolved by additional routing algorithms. The decoder circuit contains a flag signalling 

the availability of each switch unit in the OXS matrix. This can be used by any external routing 

algorithm to decide contention resolving paths. 
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Figure 3.11 (a) Recovered 155Mb/s optical label for first packet. (b) Recovered 155NIb/s optical label 
for second packet. (c) Recovered 155 Mb/s optical labels for third packet. (d) Payloads for the 
corresponding optical labels before switching. (e) Routed packets at column 3 of OXS. (d) Routed 

packet at column 4 of OXS. The vertical scale for (a) - (d) is 50mV/div, and (e) - (f) is 20mV/div. 

Optical packet switching performance has also been investigated. The measurement is 

done by gradually increase the optical attenuation in the OA and the Q factor of the switched 

payload is recorded. Fig. 3.12 shows Q factor performance for payload transmitted through 
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switch cell C3 and switch cell C4, together with the back-to-back Q factor performance. Power 
penalty of -I. OdB for switch cell C3 and power penalty of -1.5dB for switch cell C4 are 
observed at Q=7 (correspond to BER = 10-12) . This is consistent with -0.5dB insertion loss 
between consecutive switch cells (mainly due to the residual coupling), and collaborates with 
earlier BER power penalty uniformity results carried out on much longer (-15gs) data packets 
across the switch matrix as described in [19]. It is also proved that the extra functionality of 
optical label detection demonstrated by the OXS does not affect the switching performance. 
The payload eye diagrams corresponding to error-free operation (-18dBm received power) are 
shown as the insets of Fig. 3.12. 
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Figure 3.12 Q factor performance of switched payload at back-to-back, C3, and C4. Insets are eye 
diagrams of I OGb/s payload at -I 8dBm received power for (i) switch cell C3 and (ii) switch cell C4. 

Next, the optical spectra of the switched payload at OdBm is observed with an OSA. It is 

again shown that in this experiment ASE noise generated in the switch does not significant 

impact the signal Q as with OdBm input power the OSNR is as high as -36dB, as given in the 

spectra of switched payload at C3 and C4 in Fig. 3.13(a) and Fig. 3.13(b) respectively. 
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Figure 3.13 Optical spectra of the switched I OGb/s payload (OdBm input power) through (a) switch cell 

C3, and (b) switch cell C4. 
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3.4 SUMMARY 

Residual coupling in the AVC structure has been utilised to realise photodetection using 
the OXS matrix. An optical label processing unit has been implemented to demonstrate the 
principle of operation with low-cost and off-the-shelf electronics components. Experimental 

results demonstrate the ability of an AVC-based 4x4 OXS matrix to detect 155Mb/s optical 
labels and to perform packet routing without additional optical components. The detection 
performance is comparable to optical taps with normal photodiode, with sensitivity of detection 

of better than -22dBm with a TIA of 20k92. Good performance is demonstrated by switching 
I OGb/s optical data packets with variable length in the range of 0.5 - 1.5 gs. The power penalty 
of the switched payload is less than 1.5dB, with a difference between two adjacent switches of 
about 0.5dB. The label data rate is mainly limited by the bonding pad capacitance which can be 
further improved, as the travelling wave detection mechanism itself should be sufficiently fast 
for multi-gigabit detection. 
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Chapter 4 

OPTICAL PACKET SWITCHING WITH AUTOMATIC PER- 
PACKET DYNAMIC POWER EQUALISATION CONTROL 

4.1 INTRODUCTION 

As described in Chapter 1, optical label/packet switching is a promising approach to offer 

almost arbitrarily fine transmission and switching granularity, evoking the vision of a 
bandwidth-efficient, flexible, dynamic, data-centric all-optical IIP over VVDM system. Optical 

packets, like their electrical packets counterpart, are routed (forwarded) in the mesh-like optical 

network topology with great flexibility. The routing of optical packets in a transparent optical 

network, however, may give rise to large variation of the signal levels between consecutive 

packets arriving at the destination node, as they may have traversed different optical paths. The 

difference in power levels will induce severe restriction in network planning and routing 

algorithms, especially optimisation of span lengths between optical amplifiers in the network [1]. 

Furthermore, if signals arrive at an optical amplifier (e. g. EDFA) with different power levels, 

the higher-power wavelengths could saturate the amplifier and limit the gain seen by the lower- 

powered wavelengths. The arrival of packets with varied power at receiver can also cause 

problem due to limited receiver input power dynamic range (IPDR). Therefore, it is desirable to 

have an automatic per-packet power equalisation control with wide dynamic range. 

4-1 



Several power equalisation methods have been proposed previously [1-51. These 

approaches were based on wavelength power equalisation, using control feedback loops. 
Previous research into output power control of the optical crosspoint switch (OXS) has 
demonstrated a continuous control system based upon the average power in received data. This 
is implemented using the RF perturbation to the DC AVC drive current as a feedback signal [6]. 
In the packet switching application, the above methods do not provide satisfactory performance 
since 1) the switch current is pulsed, 2) the time between consecutive packets is so short that the 
control loop is unlikely to respond with sufficient speed to provide the power equalisation both 
for an individual packet and between packets. 

In this Chapter, an automatic per-packet power equalisation controller using the inherent 
functionality of the AVC based OXS is proposed to achieve this goal. The operational principle 
is first given before the design specifications and requirements are presented. It is then 
followed by the hardware implementation where the power equalisation controller is put into 

practice. Calibration of the sub-modules of the controller is also carried out to achieve power 

equalisation control with certain level of accuracy. Next, experimental results from the 

demonstration of the automatic packet-level dynamic power equalisation are given before the 

work is summarised in the final section. 

4.2 PRINCIPLE OF OPERATION 

In Chapter 3, it has been demonstrated that the AVC based OXS can be used as an optical 

tap and photodetector, apart from performing optical packet switching. The inherent 

functionality of integrated optical tapping and photodetection is due to the residual coupling of 

input light to the highly absorptive upper active waveguide of AVC when a switch cell is in the 

OFF-state, which detects about 10% of the optical input power. The optical switching 

functionality, on the other hand, is based on the carrier injection induced refractive index 

change on the upper active waveguide to match that of the lower passive waveguide. This 

allows coupling and in the meanwhile amplified, before deflected by the TIR miffor, and 

coupled down to the lower passive waveguide. 

A typical OXS switching characteristic is shown in Fig. 4.1, where the measurement has 

been described in Section 2.4.1. The switch transmission increases with injected current, and at 

200mA an optimum on-chip gain of -2dB can be obtained. Assume that the power levels 

between optical labels and payloads are relatively fixed. The input power level of the payload 

can then be determined by assessing the generated photocurrent from the label signal, and in 

turn the applied current to the switch cell can be adjusted accordingly to stabilise the output 

power level of the switched payload to a pre-defined value. This process is not a closed loop 
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control scheme and therefore can be completed sufficiently fast. As a result, an automatic per- 
packet dynamic power equalisation control can be realised. 
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Figure 4.1 A typical switching characteristic of OXS 

4.3 DESIGN OF THE AUTOMATIC PER-PACKET DYNAMIC POWER 

EQUALISATION CONTROLLER 

4.3.1 Design Specifications and Requirements 

Several design specifications and performance requirements have to be defined before the 

automatic per-packet power equalisation controller is put into practical implementation: 

Optical label processing unit. The optical label processing unit will be used in 

association with the power equalisation controller to perform functionalities including 

packet delineation and synchronisation, address decoding, and gate switching of the 

OXS switch cell. All the specifications described in Section 3.3.1 will be followed in 

this implementation, e. g. label and payload data rate, packet arrival flag ('1100'). The 

recovered clock used in the label processing unit is also supplied to the power 

equalisation controller so that both controller and processing unit are operating 

synchronously. 

0 Switching characteristic. Since each of the switch cell in the OXS matrix experience 

different path dependent loss, there is slightly different in term of obtainable gain 

between switch cells. Therefore, the hardware implementation win be based on the 

switching characteristic of a particular switch cell in the OXS matrix. A switch cell 
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with the switching characteristic as shown in Fig. 4.1 is chosen, where a gain of 2dB 

can be obtained at switching current of 200mA. 

Input dynamic range. It is aimed that the power equalisation controller is able stabilise 
the payload output power level within 0-5dB when input levels are varied for 5dB. The 

stabilisation will be effective for input power between -2dBm and 3dBm, with the aim 
to equalise the output power to OdBm. The reason that -2dBm has been chosen as the 
lower bound is because at 200mA an optimum on-chip gain of 2dB can be obtained. 
Attenuating the input power is easier to implement by just reducing the applied current. 
Further equalisation of input power higher than 3dBm is not implemented as 5dB 
dynamic range is considered sufficient to demonstrate the principle of operation. 
Larger input dynamic range (IEPDR) can easily be obtained by equalising the input 

signal with higher power level (for example lOdBm) to OdBm. This can be simply 
implemented by reducing the injection current to the switch cell for higher attenuation 
in the AVC. 

Processing time constraint. As the power equalisation control is performed at packet 
level, stringent requirement is needed for the processing time in the electrical domain. 

In this application, the overall processing time is aimed to be within 100ns. 

Power level assessment. The power levels between optical labels and payloads are 

assumed to be the same. Based on the photocurrent generated from the label signal, 

the power equalisation controller can determine the power level of the payload power 

levels. 

4.3.2 Functional Block Diagram 

The proposed functional block diagram of the automatic per-packet power equalisation 

controller using the OXS matrix is illustrated in Fig. 4.2. The switch cell in the first column of 

the OXS has been used to perform power level detection whereas the switch cell in the second 

column of the OXS will be used for label extraction and clock recovery. The generated 

photocurrent from incoming signals to the first switch cell of the OXS is continuously converted 

to voltage output by a transimpedance amplifier (TIA). 

These converted signals are further amplified by a post-amplifier to an appropriate level 

that can be read by an analogue-to-digital converter (ADC), where the analogue input signals 

are digitised. Even though the ADC is continuously digitising the incoming signals, the 

assessment of the received optical power in the main control will only be performed after 

detecting the packet arrival flag (in this case, '1100'). This is to ensure that the assessment is 

based on the optical label, which is having the same power level as the payload. By setting the 

two-bit field after the packet arrival flag to 'I l' and clocking the ADC with half the data rate of 
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the label (supplied by the main control), it is reliable to take the ADC output sampled at this 
instant to be the representation of the optical label power level. In this case, the ADC's 

sampling point will be at the middle of the two consecutive 'I's, where problems such as jitter 
and rise/fall time of the signal can be eliminated In the meantime, the address in the label is 
decoded by the label processor and points to a switch cell to be switched on. 

Based on the digitised power levels and the switch cell chosen, a suitable device 

transmission (or injection current) setting is computed according to a lookup table in the main 

control that contains the switch characteristic of the switch cell. The output from the lookup 

table is then digital-to-analogue (DA) converted and sets an appropriate AVC current so that the 

payload output power level will be at the selected value. 

Meanwhile, the label processor will switch on the driver gate correspondingly so this pre- 

set current level is injected into the chosen switch cell. This process should respond sufficiently 

rapidly within typical guard time duration for optical packet switching (OPS). 
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4.4 HARDWARE IMPLEMENTATION OF THE AUTOMATIC PER- 

PACKET POWER EQUALISATION CONTROLLER 

4.4.1 Power Equalisation Controller Board 

A photograph of the automatic per-packet power equalisation control board is shown in Fig. 

4.3. This board can be divided into 7 sub-modules, which implement the functions as depicted 

in the functional block diagrams in Fig. 4.2: 

a) TIA 

The transimpedance amplifier (TIA) used for this application is the NLAX3963 

(Maxim) low-noise 155Mb/s TIA with differential transimpedance of 22W [7]. The 

main reason using this device is an extra 2LQ tranimpedance can be obtained as 

compared to the AD8015 in the label processing unit so that a higher photodetection 

sensitivity of the OXS can be achieved. Furthermore, the output common-mode 

voltage for MAX3963 is 2.15V, which is well within the input range of the post- 

amplifier (±3.2V), so the differential voltage output can be dc-coupled directly to the 

post-amplifier without extra components. A single-pole filter is implemented with a 

capacitor across the outputs to provide a low-pass 3-dB bandwidth of 120MHz. With 

the targeted stabilisation of input optical power range between -2dBm and 3dBm, a 
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fibre-to-facet coupling loss of about 8dB (a typical measured value from previous 
experiments), and a photo-responsivity of OAA/W demonstrated by the OXS switch 
cell, the MAX3963 TIA can give an equivalent differential output voltage between 

-276mVp-p to -900mVp-p, This output range is very close to the input voltage range of 
the ADC (lVp-p) used in this application and thus the best resolution offered by the 
ADC can be utilised. 

b) Post-amplifier 

The post-amplifier plays the role as a buffer offering very low output impedance for 
the TIA [8]. It also converts the differential output of the TIA to a single ended signal 
and the output signals are ac-coupled to the ADC, as the input range for the ADC is 
between -0.512V to 0.512V. The post-amplifier used in the board is AD8055 (Analog 
Devices, [9]) operational amplifier with 3-dB bandwidth of 30OMHz at unity gain, 
which is sufficient for this application with data rate of 155Mb/s. Since the output 
range of the TIA for optical power stabilisation can span almost the full-scale input 

range of the ADC, a unity differential gain will be set for the AD8055. This will help 

to minimise the mismatch between the resistance values in the post-amplifier circuit by 

setting them the same values as the output resistance of TIA, which gives a balanced 

differential gain [10]. 

c) ADC 

The ADC produces a discrete value indicating the received optical power which the 

lookup table (LUT) in the main controller maps this value to a suitable digital-to- 

analogue converted (DAC) code that further set the required current setting to drive the 

AVC. As described in Section 4.3.2, the ADC will sample the incoming analogue 

signal at half the data rate of the optical label in order to sample at the midpoint of two 

successive 'I's after the packet arrival flag '1100', which gives more consistent output 

level. This is the only digitised value for any received label/packet that will be taken 

by the main control to assess the received optical power. The requirement for this 

application is a sampling rate higher than 80Mb/s and low latency. Bit resolution is 

not the main concern in the implementation, considering the input dynamic range of 

interest is 5dB with an output variation of less than 0.5dB. 

The ADC used in the implementation is AD9283BRS- 100 (Analog Devices, [ 11 

with 8-bit resolution and operates at a IOOMSPS conversion rate. The ADC output 

coding is given in Table 4.1, which is extracted from the manufacturer's data sheet 

[11]. The resolution offers 256 discrete levels but as the positive values are of interest, 
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only half of them will be used but this is more than required, and they can be 

accommodated into the lookup table of the main controller comfortably. 

Table 4.1 ADC Output Coding 
Step Input Voltage (V) Digital Output 
255 0.512 lill 

000 
000 

128 0.002 10000000 
127 -0.002 01111111 
000 
0 
0 -0.0512 

0 
00000000 

The clocking signal is provided by the main control (a CPLD, Xilinx XC9572XL) 

to ensure synchronous operation and should be half the speed of the recovered clocking 
signal from the CDR. This is because the sampling is done at the middle point of two 

successive logic 'I's. This can be realised by connecting the least significant bit (LSB) 

of a continuously counting binary counter in the main controller to the encode clock 
input of the AD9283. As the ADC is extremely sensitive to the quality of the sampling 

clock, the clocking signal is buffered by a SN74LVC32A (Texas Instruments, [12]) 2- 

input Positive-OR gate before applying it to the encode clock input. The digital 

outputs of AD9283 are TTUCMOS compatible and support interfacing with 3.3V 

logic, which is the case for the input level requirement for the main control. 

The major drawback of this ADC is that it provides latched data outputs with four 

pipeline delays, giving a total delay of about 50ns in this stage (4 pipeline delays at 

half the date rate optical label). However, other suitable commercial devices operating 

at this data rate that gives shorter delay could not be found. 

d) Main controller and LUT 

The main controller is implemented by using the Xilinx XC9572XL-PC44 CPLD 

[13]. Two main functions are realised in this chip: (i) optical label processing, and (ii) 

power equalisation lookup table (LUT) mapping. The implementation of the LUT 

will be described in the next section, where the sub-modules in the controller board is 

calibrated to obtain the appropriate DAC code to drive the required current to AVC for 

power stabilisation based on the received power at the OXS (and its equivalent ADC 

code). 
The flowchart shown in Fig. 4.4 explains the operation sequence in the main 

controller. The implementation of optical label detection and clock recovery is the 

same as described in Section 3.3.1. The optical label format is designated such that 
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after the packet arrival flag '1100' there are two consecutive 'I's followed by the 2 

addressing bits. On the receipt of the packet arrival flag, the counter in the CPLD will 
start counting. The addressing bits will be loaded into a buffer first. The ADC value 
representing the received optical power for the payload is then loaded into the LUT to 
get a DAC code that will give required setting to the current regulator. This code is 
then loaded into the DAC for a period of N counts (the switch cell turn-ON time 
required to facilitate the payload switching) and at the same time the main controller 
also turn-on the gate driver to the switch cell according to the stored address bits. 

CtD 
Reset count unt 

11100, N 
etected'? 

Yes 

Start count 

Count=4? No 

Yes 

Load Addr 

Count=8? No 

Yes 
Load ADC 

Turn-on AVC 

Count No 

Figure 4.4 Operation sequences implemented in the main controller. 

e) DAC 

The DAC is required to provide a continuous pre-defined voltage level for a given 

code specified by the lookup table. As it will be discussed later, the current regulator 

that implements the gain/attenuation setting requires an input between 2V-3V to 

stabilise the output power for the required dynamic input range. To interface with the 

CPLD the DAC must feature inputs compatible with the 3.3V CPLD outputs and the 

clock input must be compatible with the recovered 155MHz LVTTL signal. 

The device used is a Burr-Brown DAC908 [14]. Offering an 8-bit resolution at up 

to 165MSPS with 33V logic compatible inputs the device is suitable for sequential 

interfacing with the CPLD. The DAC908 has a current-output architecture and 

provides a full range output between OmA and 20mA. The output voltage compliance 
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range is -IV to +1.25V, outside which the CMOS structure may be permanently 
damaged. Driving a 50Q load gives a OV to LOV swing within the safe range so a 50n 

single turn potentiometer is used as the DAC load in the power equalisation board to 

provide additional trimming should it be required. This OV-IV level can then be easily 

scaled up to suit the current regulator input using a simple non-inverting op-amp circuit. 
The DAC output settling time is 30ns to 0.1% which again gives a considerate amount 

of delay to the overall processing time. 

f) Current regulator 

The current regulator consists of two sub-sections, a non-inverting buffer to scale 

the DAC output to a suitable drive level for the MOSFET regulator, and the MOSFET 

regulator itself. The MOSFET used in label processing unit, P-channel power 

MOSFET MGSFIP02LT1 (ON Semiconductor, [15]), is again used for this application 

[15]. From the switching characteristic shown in Fig. 4.1, in order to equalise the input 

power between -2dBm and 3dBm to output power of OdBm, current range of -160mA 

to -200mA is required. According to the manufacturer data sheet of the 

MGSFIP02LTI, the Gate-to-Source voltage, VGS, required to drive the MOSFET such 

that Drain current (ID) is regulated in that current range is 2.5V-2.75V. 

With the DAC providing a 0V-lV range a gain of 3 from a non-inverting buffer is 

required to scale this range to a useable level. The non-inverting buffer used is 

AD8055 operational amplifier, which is the same device used in the post-amplifier 

sub-module. With a gain of 3, the -3dB bandwidth provided by the AD8055 drops to 

-JOONJHz. This, however, does not affect the normal operation condition in this 

application as the OXS switch cell is turned ON or OFF at a much slower rate. The 

excess gain is applied to provide greater flexibility in the prototype and a potentiometer 

is used to calibrate the current regulator by trimming the output voltage. 

g) Dfiver gate 

The driver gate is another P-channel power MOSFET MGSFlP02LT1 which is in 

series with the current regulator and the drain-pin is connected to the OXS switch cell. 

This device acts as a gate switch which is controlled by the main controller (CPLD). 

By referring to the address bits in the optical label, one can turn ON the corresponding 

OXS switch cell by enabling the driver gate with the preset current given by the current 

regulator. 
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4.4.2 Sub-Modules Calibrations for LUT Mapping in the Main Controller 

In order to equalise the power of the defined input dynarnic range to a constant output 
power, it is important to calibrate the sub-modules in the power equalisation controller so that a 
correct LUT mapping can be obtained. Three relationships have to be obtained for building up 
the LUT: 1) optical input power vs. post-amplifier output, 2) injection current range required to 

stabilise the payload output power, and 3) DAC code vs. current from current regulator. Having 

the relationship between the received power and the post-amplifier output which is then 
digitised by the ADC, the ADC code that corresponding to the received power can be 
determined. The required currents to stabilise the switched payload output power level to OdBm 

when input levels are varied between -2dBm and 3dBm are then measured in order to get the 

reference values for the calibration of the DAC. The DAC is then calibrated by finding the 
DAC codes that can drive the current regulator to give the current matching those reference 

values. 

1) Received power at the switch cell of the OXS vs. post-qmplifier output 

Figure 4.5 Experiment setup for photocurrent measurement of OXS. MZ: Mach-Zehnder Interferometer; 
PPG: Pulse Pattern Generator; OBP: Optical Bandpass Filter; VOA: Variable Optical Attenuator; PC: 

Polarisation Controller; DCA: Digital Communication Analyser. 

To characterise the output voltage of the post-amplifier with the given optical input power, 

a simple experiment is set up as illustrated in Fig. 4.5. The 4x4 OXS device is bonded to a 

copper heatsink with device side up. A continuous wave (CW) at wavelength of 1550nm 

provided by a HP8168E tuneable laser source, is external modulated by an Anritsu MP1758A 

pulse pattern generator (PPG) at data rate of 155Mb/s with a pattern 'I 100 1F followed by a 

continuous stream of alternating 'I' and '0' for locking in the clock recovery circuit as 

described in Section 3.3.1. The two consecutive 'I's after the packet arrival flag '1100' will be 

the output voltage value taken in this measurement. The optical signal is then fed through an 

EDFA to compensate the insertion loss in the MZ, a variable optical attenuator (VOA), and a 

polarisation controller (PC) before is coupled into the OXS using a conical fibre lens. The fibre 
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alignment procedure between the lens and the facet of the passive waveguide of the OXS is the 
same as described in Section 2.4.1. Polarisation controller is used to produce TE-polarised 
input signal. A very low impedance probe is placed on the contact-pad of the OXS, where the 
generated photocurrent is picked up by the TIA (MAX3963), converts to differential voltage 
output. It is further amplified/buffered by the post-amplifier (AD8055) before analysed by a 
HP83480A digital communication analyser (DCA). 

In the measurement, the VOA is first set to zero attenuation and the input power of the 
signal injected into the OXS is set to 5.5dBm. The peak-to-peak voltage (Vp-p) of the waveform 
for the two consecutive 'I's after packet arrival flag that observed in the DCA is recorded. The 

measurement is repeated for lower input power by increasing the attenuation of the VOA with 
0.5dB-step. The results are plotted in Fig. 4.6 where it can be seen that the measured output 

voltage is linearly proportion to the optical input power as expected. The measured output 

voltage at -2dBm and 3dBm input powers are 240mVp-p and 880mVp-p respectively, which are 

very close to the calculated values given in Section 4.4.1. The output signals are ac-coupled to 

the ADC giving an input voltage range of 120mVp-p and 44OmVp-p. Therefore, only half of 

the 8-bit resolution (the positive voltage range) are utilised but this is considered sufficient in 

this application. Those measured values can then be mapped to the corresponding ADC codes 

to represent the power levels of the incoming optical packets. 
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Figure 4.6 The photodetection characteristic of OXS after amplified by the TIA-postamp stage. 

2) R rence current values to stabibse switched pqyload OUtDUt level 

An experimental setup shown in Fig. 4.7 is used to measure the required current to 

maintain the switched payload power at constant level for varying input power levels. This 

4-12 

-5 -4 -3 -2 -1 01234567 



experiment is very similar to the characterisation of the OXS switching performance as 
described in Section 2.4.1. 
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Figure 4.7 Experimental setup for measuring the required current to maintain the switched payload 
power at constant level for varying input power levels. MZ: Mach-Zelmder Interferometer; OA: Optical 
Attenuator; PC: Polarisation Controller; OBP: Optical Bandpass Filter, A: Ammeter. 

A HP8168E tuneable laser source generates an input signal at the wavelength of 1552nm, 

which is modulated by a Mach-Zehnder Interferometer (MZ) into a series of light pulses with 
I p-pulse width synchronised to the variable amplitude switching current pulse. The pulses are 

repeated every 5gs giving a 20% duty cycle. The optical input power can be varied by an 

optical attenuator (OA). The light signal is coupled in and out of the 4x4 matrix using two 

conical fibre lenses and the fibre alignment process is the same as described in Section 2.4.1. A 

polarisation controller (PC) is used in order to produce TE polarised input signal. At the output, 

the signal is filtered using an optical bandpass filter to suppress the amplified spontaneous 

emission (ASE) noise. It is monitored by a power meter to observe the required current to keep 

the output power level at OdBm. The required current is varied by adjusting the amplitude of 

the pulse generator. The fibre coupling loss in the setup is measured at about 8dB per facet due 

to the highly elliptical waveguide near field. 

The measurement results are given in Table 4.2, with the required current for stabilising the 

power output at a 0.5dBm increment step within the dynamic range. Smaller input power step 

can also be used but since it is aimed to maintain the output power level less than 0.5dB 

variation, the chosen increment step is considered adequate. As it can be seen in Table 4.1, the 

current that needed to equalise the -2dBm and 3dBm input power to OdBm output are 202.2mA 

and 157.2mA respectively, giving a 45mA current range, and agree with the switching 

characteristics of the switch cefl, as shown in Fig. 4.1. 
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TABLE 4.2 Measured current to stabilise output power level to Odl3m 
Input Power (dBm) Measured Current (mA) 

-2.0 202.2 
-1.5 192.0 
-1.0 184.3 
-0.5 176.2 
0.0 168.9 
0.5 166.1 
1.0 163.8 
1.5 162.2 
2.0 160.6 
2.5 158.9 
3.0 157.2 

3) DAC calibration 

A DAC calibration has been carried out with the experimental setup as illustrated in Fig. 

4.8. Four sub-modules in the automatic per-packet power equalisation control board have been 

used. The main controller is used to read the 8-bit DAC code generated by the Anritsu 

MP1758A PPG (customer programmed) and loads them into the DAC in parallel while holding 

this code to give aI gs-pulse from DAC. The DAC will then drive the current regulator to give 

a current pulse to the driver gate (which is turned ON by the main controller at the same instant) 

before applied it to switch cell of the OXS. The current pulse is repeatedly generated by the 

submodules every 5[ts, giving a 20% duty cycle. An ammeter is used to measure the current 

from the driver gate. The PPG is then reprogrammed to get another DAC code and the driving 

current is measured. In the experiment, both the main controller and DAC are clocked by the 

PPG's clock channel at 155MHz to ensure synchronous operation. 

-------------------------------- 

Main Current 
DAC 

controller regulator 

Driver gate 

-------------------------------- 
DAC code. IClk I PPG 

oxs 

5gs 0 

13 

A 

B 

c 

D 

Figure 4.8 Experimental setup to calibrate the DAC code settings. PPG: Pulse Pattern Generator; A: 

Ammeter. 
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The measurement results are given in Fig. 4.9. As a P-channel MOSFET is used in the 
current regulator sub-module, the output currents decreases with higher DAC codes (and 
corresponding voltage outputs to the gate of the MOSFET). Because the gate-to-source voltage 
(VGs) range of the MOSFET that gives the required current range (150mA - 200mA) is very 
small (less than 0.2V as given by the data sheet), it is unable to fully utilise the available 8-bit 
resolution offered by the DAC. Therefore, only one third of the discrete levels are useful in the 
application, which is the best that could get after an extensive calibration by trimming the 
potentiometers between the DAC and the current regulator. The main reason of having this 
difficulty is the output voltage of DAC spans about 1V range (OV-IV) and it is further amplified 
by a buffer with a gain of 3. 

250 

200 

Z 

150 

100 
0 

------------------------------------------- 

Useable current range 

------------------------- 

50 
. 

. 

0 
0 50 100 150 200 250 300 

DAC code 

Figure 4.9 Measured current output give by different input DAC codes. 

4) LUT Implementation 

With the results from the calibration of the sub-modules, the LUT can be implemented 

accordingly. Based on the photodetection characteristic of OXS after amplified by the TIA- 

postamp stage as shown in Fig. 4.6, the corresponding ADC codes for the input optical dynamic 

range can be determined and are shown in Table 4.3. The required currents to equalise the 

respective input powers to OdBm are given on the right of the ADC codes and these currents are 

mapped to the corresponding DAC codes which are shown in the rightmost column of Table 4.3. 

For input power less than -2dBm, a current of 202.2mA is applied to the AVC to get the 

maximum gain. For input power greater than 3dBm, the injected current to the AVC is the 

same as the current injection for equalising the 3dBm input power to OdBm output (157.2niA). 

In the case of the input power falls between the 0.5dB-step in the IEPDR, the injecting current 

will be the same as the current needed to stabilise the lower-bound input power. For example, if 
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the input power of the optical signal is -1.6dBm, the current applied to the AVC will be 
192. OmA, which is the current needed to equalised the input power of -1.5dBm to OdBm output. 

TABLE 4.3 LUT Implementation by mapping ADC code to DAC code 

Input Power (dBm)- ADC Code (in decimal) Current (mA) DAC Code (in decimal) 

: 5- -2.0 < 160 202.2 14 
* -1.5 < 165 192.0 35 
* -1.0 !ý 169 184.3 50 
: 5, -0.5 <- 175 176.2 62 
!50.0 !ý 183 168.9 73 

: fý- 0.5 : 5- 190 166.1 79 
! ý- 1.0 198 163.8 83 
< 1.5 208 162.2 86 
:52.0 223 160.6 90 
< 2.5 238 158.9 98 

2.5 238 157.2 106 

4.5 DEMONSTRATION OF OPTICAL PACKET SWITCHING WITH 

AUTOMATIC PER-PACKET POWER EQUALISATION CONTROL 

The experimental setup to demonstrate optical packet switching with packet level dynamic 

power equalisation control is shown in Fig. 4.10. The 4x4 OXS device is bonded to a copper 

heatsink with device side up. 
In order to ensure that the optical labels and the data payload have the same power level, 

they are generated by the same pulse pattern generator (PPG2) (Anritsu MP1758A), and 

externally modulate a continuous wave (CW) of wavelength at 155 1 nm (X2) (HP8168E tuneable 

laser source) using a Mach-Zehnder modulator (MZ). Data payloads consist of a pseudo- 

random bit sequence (PRBS) of length 2 15_ 1 at 9920Mb/s, while optical labels are generated by 

programming the same PPG channel, with every 'bit' of the optical label formed by 64 bits of 

9920Mb/s NRZ data, generating a 155Mb/s label data rate. PRBS of length 2 15_1 is used as it is 

the longest possible PRBS sequence to fit into one pattern cycle in the customer programmable 

memory in the MP1758A PPG. Another PPG channel is used to generate the synchronisation 

signal at 155Mb/s (alternating 'F and V), which is in phase with the optical labels, and 

transmitted via the label synchronisation channel (LSQ at a separated wavelength of 1549nm 

(XI). As it is explained in Chapter 3, the arrangement of separate wavelength LSC is due to the 

lack of a fast lock-in clock recovery circuit capable of establishing clock recovery well within a 

label length. 
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Figure 4.10 Experimental setup for demonstrating packet level power equalisation using a4x4 OXS 
matrix. PC: Polarisation Controller; PPG: Pulse Pattern Generator, MZ: Mach-Zehnder Modulator; 
EDFA: erbiurn doped fibre amplifier; OBP: Optical Bandpass Filter; VOA: Variable Optical Attenuator; 
OSA: Optical Spectrum Analyser. 

The modulated optical signals are then coupled with a 3dB coupler before amplified by an 

erbium doped fibre amplifier (EDFA). An optical bandpass filter (OBP) is used to suppress the 

EDFA spontaneous emission noise. The optical data then passes through the polarisation 

controller (PC) in order to produce TE-polarised signal and a variable optical attenuator (VOA) 

before it is coupled into the OXS by a conical fibre lens. A portion of the optical signals 

(followed by the photocurrent generated) will be tapped by the automatic per-packet power 

equalisation controller as well as the optical label processing unit from C1 and C2 respectively, 

through a4x4 multi-probe. The switched optical payload is then collected by another conical 

lensed fibre, filtered using a second OBP to suppress the label channel, before analysed by a 

power meter or an Anritsu MS9710B optical spectrum analyser (OSA). 

Each label signal will have a bit pattern of '. 11001110', where the first four bits are the 

packet arrival flag, followed by two consecutive 'I's as the power level assessment bits while 

the last two bits are the address bits in which C3 will be tUM-ON in this experiment. 

The overall processing time by the packet level power equalisation controller is estimated 

to be about 90ns. Tberefore, the data payload is programmed such that it is lagging 167.7ns 

behind the optical label, which includes label length of 51.6ns (8 label bits) and 116.1ns guard 

time (18 label bits). The packet length is 1.03gs (160 label bits) in total and the packets are 

repeated every 4.13gs or 640 label bits. The label synchronisation signal is programmed with 

alternating 'I' and '0' through another PPG channel so that it is in phase with optical label at 

same data rate. The LSC signals that overlap with the optical label will be left as idle so that the 
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LSC signal will not interfere the optical label. A clearer picture can be obtained by referring to 

the timing schematic diagram as depicted in Fig. 4.11. 

4.13, uS I 

864.5s 116.1 ns 51.6ný 
LSC channel, A, 

- ............. F I LI F-1 ...... El El F-I n 
Idle 

Guard Guard 
Idle 

Packet channel, A time time 

Idle I Label: Idle Payload (215- 1) Idle Label: 

Figure 4.11 Timing schematic of the label synchronisation signals with the optical packets (155Mb/s 
optical labels and I OGb/s data payloads) programmed in the PPG. 

The static performance of the power equalisation controller is first evaluated, where the 

output power levels that measured by a power meter are plotted against varying input power in 

Fig. 4.12, after deducting a total loss of l8dB in the measurement system, including polarisation 

controller, input/output coupling, and optical filter. It can be observed that the automatic per- 

packet power equalisation controller managed to stabilise output power levels within +0.2dB/- 

0.3dB around OdBm for the input power range between -2dBm to 3dBm which is the 5dB input 

dynamic range the subsystem is designed to handle. The variation of output power level may 

due to the coarse calibration of reference values for the required applied current, where 0.5dB is 

used as the incremental step. Outside the input dynamic range, there is a linear relation between 

the input power and the output power. For those input powers which are smaller than -2dBm, 

the subsystem is designed such that the applied current would be at the switching current of 

202.2mA, which in this case, -2dB gain can be obtained. For those signals with power levels 

higher than 3dBm, the injected current will be the same as the one given to the input power of 

3dBm, where 3dB attenuation will be experienced by the incoming signals. 
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Figure 4.12 Measured switched payload power level with varying input power level 
The switched signal qualities have also been investigated. As demonstrated in the optical 

packet switching experiments in Section 3.3.2 and 3.3.3, effor-free switching operation can be 

obtained for received power > -18dBm. Therefore, BER/Q factor measurement is not repeated 

in this experiment. The optical signal-to-noise ratio (OSNR) is instead evaluated. The optical 

spectra for the switched payloads with input power -2dBm, OdBm, and 3dBm are shown in Fig. 

4.13(a), (b), and (c) respectively, where output signal levels for all three have been equalised. It 

can be seen that the noise floor is gradually reduced with increasing input power level, with 

OSNR = 35.2dB, 39. IdB, 42.4dB recorded. This means that even though the output powers for 

switch payloads with input power higher than OdBra have not been maximised (they have been 

attenuated to equal to OdBm), the OSNR has not been sacrificed. With higher input power, less 

current injection to the OXS switch cell is needed to maintain the same output power. This has 

reduced the amplified spontaneous emission (ASE) from the AVC and thereby reduced the 

noise floor level as well. 
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Figure 4.13 Optical spectra of the switched IOGb/s payload through switch cell C3 with input power 
level of (a) -2dBm, (b) OdBm, and (c) 3dBm. 

In order to visualise the operation of the automatic power equalisation control with 

dynamic changes of power level in the packet waveforms, an experimental setup similar to Fig. 

4.10 has been carried out and illustrated in Fig. 4.14. In this experiment, another packet channel 

has been added in order to get two successive packets with different power levels. Both packets 

are 1.03ýts (160 label bits) long while the packet from channel 2 is programmed such that it is 

4.13gs (640 label bits) lagging behind the packet from channel 1. The packets (channel I and 

channel 2) are repeated every 8.25gs (1280 label bits). To simulate varied incoming packet 

-46.2 
dBm 
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power, the power of each channel can be independently varied by adjusting the CW power from 

the tuneable laser sources (HP8168E). In this case, packet I will interleave with packet 2 so 
they can have different power levels. 

Automatic Per-Packet 
+ PC Packet channel 1 Power Equalisation 

Mz Control 

A, =1551nm 
50: 50 1 2F3 4 

PPG2 PPG1 
A 

PC PC B + 
Mz 

C 
A2= 155 1 nm Packetchanne12 50: 5o EDFA OBP D 

------- - ----- 

PPG3 Oxs 

+ PC 
Mz 

0BP 

A3=1549nm Sync Channel 1 OGb/s receiver module 

Figure 4.14 Experimental setup for demonstrating packet level power equalisation using a4x4 OXS 
matrix. PC: polarisation controller; PPG: pulse pattern generator, MZ: Mach-Zehnder modulator; EDFA: 
erbium doped fibre amplifier; OBP: optical bandpass filter; DCA: Digital Communication Analyser. 

Fig. 4.15(a) shows the waveforms of the Packet I and Packet 2 with an equal input power 

of OdBm, while Fig. 4.15(b) shows the waveforms with a 5dB power difference which is the 

maximum input dynamic range. The switched output waveforms captured by the DCA are 

shown in Fig 4.15(c) and Fig. 4.15(d) to have equal amplitude, demonstrating the effective 

operation of the dynamic per-packet power equalisation scheme. It is also shown that Packet I 

and Packet 2 in Fig. 4.15(b) have experienced attenuation and gain respectively in order to 

achieve power equalisation with the same output power level to the one shown in Fig. 4.15(d). 
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(a) (b) 

Figure 4.15 (a) Waveforms of Packet I (3dBm) and Packet 2 (-2dBm), (b) waveforms for Packet I and 
Packet 2 with equal powers (OdBm), (c) switched packet waveforms for packets in (a), (d) switched 
packet waveforms for packets in (b). Horizontal scale is Iýts/div. 

4.6 SUMMARY 

In this chapter, the inherent integrated optical tapping and photodetection functionalities as 

well as switching characteristics of the OXS matrix has been utilised to implement a per-packet 

optical dynamic power equalisation controller. It has demonstrated a dynamic output power 

equalisation to within +0.2db/-0.3dB for input dynamic range of 5dB between consecutive 

optical packets. A response time of -100ns is achieved. This can be further improved if faster 

ADC and DAC can be found as they are the main sources of delay in the implementation. The 

implementation as well as all the experiments carried out is only based on the switching 

characteristic of a single switch cell. All the switch cells in the OXS matrix can be used to 

perform this function by putting in their characteristics into the LUT implementation. The 

address signal can be modified accordingly to allow the controller to select the corresponding 

output with dynamic power equalisation control. This scheme can also be used in any SOA 

based switching fabric to overcome path dependent loss as well as residual polarisation 

dependent loss in both network and in switching nodes. 
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Chapter 5 

LOSSLESS OPTICAL PACKET MULTICASTING USING A4x4 
AVC BASED OXS MATRIX 

5.1 INTRODUCTION 

Future optical networks will carry a wide variety of services that are predominantly data- 

centric and highly dynamic in terms of demand. As often required by such services, it is highly 

desirable that multicast communication can be performed in the optical layer, which can 

significantly reduce the optical line terminal and processing equipment costs in an optical node. 
Multicast is the simultaneous transmission of information from one source to multiple 
destinations, i. e., one-to-many communication. It is bandwidth-efficient because it eliminates 

the necessity for the source to send an individual copy of the information to each destination, 

and it avoids flooding the whole network by broadcasting. 

The most common approach in creation of copies of data packets in the optical domain is 

usually done via fight splitting [1-10]. Unlike in electronic domain, this multicast scheme 

would split the optical signal power, which introduces excess loss that will impact on optical 

signal-to-noise ratio (OSNR) in transmission links. Multicast schemes employing power splitter 

or star coupler are also a rigid method that is not reconfigurable, therefore may not be efficient 
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for bandwidth-on-demand applications, such as multimedia, medical imaging, digital audio, and 
videoconferencing. 

A conceptual architecture called linear divider-combiner (LDC) [11,121 has been proposed 
to show the necessary inherent multicast and reconfigurable capabilities. In the simplest 
architecture with two dividers joining two combiners, a control signal is applied to each of the 
divider to either split (multicast) or not split (unicast) the input signal into the following 

combiners. This architecture allows flexibility of multicast reconfiguration but it still suffers 
from splitting loss. Moreover, to date there is still no practical demonstration reported. 

Other optical layer multicast schemes include all-optical wavelength conversion to wave 
bands which contain multiple wavelengths [13-17]. This can be carried out in semiconductor 
optical amplifiers (SOAs). Nonlinear mechanisms such as cross gain modulation (XGM) [13, 

14], cross phase modulation (XPM) [15] and four-wave mixing (FWM) [16,17] can be used. In 

these schemes, there may be a limit to the total number of wavelengths usable, imposed either 
by the total signal power (in case of XGM) or the dispersion (in case of XPM and FWM) of the 

nonlinear medium. Therefore certain limits exist to the scalability of these schemes. High 

pump power may be another drawback in nonlinear optical schemes. 
In this Chapter, the ability of the active vertical coupler (AVC) based optical crosspoint 

switch (OXS) to implement scalable multicast operations optically at packet level without 

excess splitter loss is explored. Theoretical analysis and computer simulation on the multicast 

operation principle, device multicast switching characteristics, output signal quality, and scheme 

scalability are presented. Experimental results in terms of multicast switching characteristics 

and output signal quality in multicast operation are also described. 

5.2 THEORETICAL ANALYSIS OF SPLIT-LOSSLESS NWLTICAST 

OPERATION 

As it is discussed in Section 2.2, the coupling process in a directional coupler can be 

calculated using the coupled mode equations that describing the variation of the amplitudes of 

the modes in each waveguide [18]. This approach gives reasonably accurate results when the 

coupling is not very strong. Much of the analysis is described Chapter 2 but some of them are 

reproduced here for the benefit of clearance. 

For waveguide couplers with optical gain or loss, the coupled mode equations can be 

modified to take into account the complex propagation constants of each mode. Assume that 

the optical gain does not introduce extra phase shift, which, when the gain is not too high, can 

be proven to be approximately correct by solving the full vectorial mode in the complex 

refractive index waveguide profile. 
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The coupled mode equations under this condition become [191: 
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where a, and a2 are the normalised modal amplitudes, gi is the modal gain coefficient in each 

waveguide, and A, 6i ýa 
if 

) is the nonlinearity induced index change of waveguide i, which in 

this case is negligible under low power condition [191. The analytical solutions to Eq. (5.1) that 

give the variation of modal amplitudes a, and a2along z-direction has the form 
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where F is a parameter describing the detune between the propagation constants of the two 

waveguides: 

F=11+[Mr +jMi]2ý2 (5.3) 

Mr - 
A-, 82 (5.4) 

2 ic 

91-92 (5.5) 
M' 

21C 

A few observations can be made from Eqs. (5.2a) and (5.2b): 

Observation 1: 

The modal amplitudes a, and a2 varies in a complementary manner along the z-direction 

indicating power transfer between the two waveguides. 
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Observation 2: 

When the two waveguide modes are phase matched (M, = 0), complete power exchange 
can still happen between a, and a2 even with a mismatch of Mi. Let al(O) #0 and a2(0) = Oý 

with M, = 0, Eqs. (5.2a) and (5.2b) reduce to 
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with F simplified to F= (I 
_Mi22, and the coupling length L, is given by [19] 

Lc= Lco 
I+2 sin-' M 

)r i 
(5.7) ll-- 

M2 
i 

where al(L) =0 provided [Mil < 1. LO is the coupling length for passive coupler. It can also be 

seen from Eq. (5.7) that L, becomes longer as the gain mismatch between the waveguides 
becomes larger. However, the extension of L, is not significant for small values of Mi. 

Observation 3: 

Apart from optical power being transferred between waveguides, it can be seen that the 

envelope of the alternating amplitudes a, and a2has an exponential factor which indicates that 

they are being amplified at a rate of the average gain of the two waveguides. This can be 

explained as the optical field spends half the time in each waveguide. 

In order to see the evolution of the a, and a2 along the z-direction, FIMMWAVE [20] has 

been used to simulate the propagation of these two modes. The AVC wafer structure as 

described in Section 2.4.2 has been employed in the simulation. Firstly, the coupling length (LO) 

for passive coupler which gives the complete power transfer is determined. This can be done by 

simulating a fictitious passive vertical coupler formed by removing the gain from the AVC 

active layer. FTMMWAVE is used to find the refractive index in this passive vertical coupler 

where the effective refractive indices (or propagation constants) for both waveguide modes to 

be the same (or at negligible difference) to meet the condition M, = 0. FIMMPROP-3D[21]is 

then used to scan the evolution of those two modes along certain device length. The same 
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process is then repeated based on the AVC wafer structure by keeping the refractive index 

unchanged but put back the material gain given by the AVC. A semiconductor optical amplifier 
(SOA) model based on the AVC device design is also used to simulate the mode propagation 
along the device. This can be easily done by removing the lower passive waveguide from the 
AVC structure. 

The energy exchange between two coupled waveguides as a function of propagation 
distance is plotted in Fig. 5.1. It can be clearly seen that the envelope of the alternating 
amplitudes a, and a2 varies exponentially, which shows that they are being amplified by the 
upper active waveguide. It can also be observed that the power gain in the SOA is about 3dB 
larger than the envelope of the alternating amplitudes. This is because there is only one 
waveguide is active (with gain) while the other waveguide is passive (without gain) in the AVC 

structure. 

1 E+2 

1 E+l 

0 CIO 

1 E+O 

1 E-1 

1 E-2 

1 E-3 

z/L, o 

Figure 5.1 Numerically calculated mode coupling process in a passive vertical coupler and an active 
vertical couplers with exactly the same structure except for the gain in active layer. Thin lines are passive 
coupler and thick lines are AVC. Pale lines are transmission from lower waveguide input to upper 

waveguide output and dark lines are transmission from lower waveguide input to lower waveguide output. 
The thick straight line indicates the gain in an SOA with the same structure of the active layer in the AVC. 

If the coupler length is made to be the coupling length L, the optical power entering 

waveguide I has been completely coupled into waveguide 2 after propagating a distance of L, 

and in the mean time has been amplified. This is the operational principle of the AVC 

crosspoint switch used for point-to-point switching, as described in Chapter 2, and illustrated in 

Fig. 5.2. The perfect coupling condition is achieved in the device by adjusting the injected 

carrier density in the active layer, so that the real part of its modal effective refractive index is 
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changed by the free carrier injection and at one point matches that of the passive waveguide 
layer. 

Caff ier 
injectiq 

Figure 5.2 Schematic illustration of point-to-point switching: carriers are injected into the AVC 
crosspoint to match the real part of effective refractive index at upper active waveguide, to the lower 
passive waveguide. 

Observation 4: 

When the coupler is perfectly phase matched, if the coupler length is made to be about 
(m+1/2)L,, where m is an integer, there will be about equal parts of input signal power in both 

waveguides at the end of the coupler. In other words two copies of the input data are generated 

at the output of the coupler. These two parts of signal can have amplified amplitude compared 

to the input levels. Therefore it is possible to carry out spht-lossless multicasting with such a 

configuration. However, if a device is designed to carry out multicasting in this configuration, 

it will never be an optimum for point-to-point switching operation. 

Observation 5: 

If the coupler length remains L, as designed for point-point switching, and is biased at an 

injected carrier density other than the perfect coupled point, at the output the power will no 

longer be completely transferred from waveguide 1 to waveguide 2, as in this case the phase 

matching condition is removed. Instead there can be power in both waveguides 1 and 2, and the 

amplitude of both a, and a2 are also amplified. If the gain is sufficient to overcome the split loss, 

then again two copies of the input signal are generated at each output of AVC both with powers 

higher than the input signal, therefore also realising 1-to-2 multicast without excess loss. 

This process is illustrated in Fig. 5.3, where RMINWAVE simulation process based on the 

AVC device wafer structure described above is repeated. This is done by increasing the injected 

carrier density, so that the refractive index is reduced and gain increased further from the 

optimum coupling point. This is equivalent to increasing the current as the refractive index 

change is proportional to the injected carrier. FIMMPROP-3D is then used to scan across 

certain length of the device to get the power transfer from lower waveguide to upper waveguide 
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and from lower waveguide to lower waveguide. There is one point where the normalised modal 
power for both waveguides are equal to one, which multicast without excess loss is realised. 

This configuration has the advantage that the same device can be used for point-point 
switching and multicasting, simply by changing the injection current. This configuration is 
therefore investigated in this work. 

10 

"U 

0.1 

0.01 

0.001 

Z/LCO 

Figure 5.3 Computer simulated coupling process when AVC bias current is increased further from the 
optimum coupling point. The period of coupling has been reduced and power transfer between 
waveguides is incomplete. At end of the coupler (LO) the optical power in both waveguides are about 
equal to the input power due to the increased optical gain. Pale lines are transmission from lower 
waveguide, input to upper waveguide, output and dark lines are transmission from lower waveguide input 
to lower waveguide output. 

In the AVC based switch matrix, above process happens in AVC I along the input 

waveguide as illustrated in Fig. 5.4. Multicast operation can be achieved by turning ON More 

than one switch cells in the same row of the OXS. Of the two copies of optical input signal, the 

one in the active layer is reflected by the TIR Mirror to AVC2, and is coupled down to the 

passive waveguide and to the output. The coupling in AVC2 is also partial due to the same 

reason, but it may be possible to make devices with separate injection to AVC1 and AVC2, at 

the cost of more complicated control. The other copy in the passive waveguide layer propagates 

to the following switch cell, where the same process can be repeated. It is therefore possible to 

continue this process to realise I -to-N multicast. 
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Figure 5.4 Schematic illustration of point-to-multipoint (multicast) switching. 

5.3 CHARACTERISATION OF MULTICAST OPERATION 

5.3.1 Computer Simulation of Multicast Characteristics 

Instead of solving Eqs. (5.2a) and (5.2b) analytically , computer modelling of the 1-to-2 

multicasting operation is carried out by simulating a situation where 2 consecutive switch cells 

are gradually switched on and studying the transmitted signal at their corresponding outputs 
(similar to the operation illustrated in Fig. 5.4). Again, FIMMWAVIE is used to solve the full 

vectorial waveguide modes and FIMMPROP-3D to simulate the modes propagation in the 

device. The model for AVC I in each device is schematically illustrated in Fig. 5.5. 

Active waveguide 

Passive waveguide 

Input signal c* 

'. 
�/ 

-, A Pass-through signal/ 
to thefollowing cell 

Figure 5.5 Schematic illustration of the multicast device model with the input/output waveguide modes, 
the supermodes of the coupler, and the TIR mirror. A cross-section is also given. The solid box indicates 

the active waveguide and the hashed box indicates the passive waveguide. 

The dimensions of the AVC coupler waveguide are taken from an existing device which is 

450ýtm long and 5gm wide. The active region has a7 quantum well (QW) separate 

confinement hetero-structure (SCH) with carrier induced refractive index change dnIdN of 

2.5x 10-20CM3 and differential gain dgIdN of 3x 10-16CM2 in the QWs. The active layer carrier 

TIR mirror AVCI 

C* To AVC2 and output 
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density N is determined using a standard rate steady state solution of the carrier density rate 

equation containing injection and spontaneous emission terms: 

77J 
= AN + BN 2+ CN 3 (5.10) 

edqwNqw 

where e is the electron charge, q=0.8 is the injection efficiency, dq,, is the thickness of each 
QW, and Nq,, is the number of QWs. A= 5x 107 is the nonradiative recombination coefficient, B 

IXIO-IOCM-3 is the spontaneous emission coefficient and C= IX10-28CM-6 is the Auger 

recombination coefficient. 

In the simulation, current (or the equivalent carrier density) is injected gradually into the 

AVC 1 of the first switch cell. For each carrier density value, FINWWAVE is used to solve the 

supermodes and FIMMPROP-31) is used to simulate the modes propagation in the AVC I and 

the output powers from both waveguides are recorded (Fig. 5.5). The, output power from the 

upper active waveguide of AVC I will be fed into the upper active waveguide of the AVC2 of 

the same switch cell and the coupled output at the passive waveguide at end facet of the AVC2 

will be recorded. This is called modelled preceding switch output. On the other hand, the 

output power from the lower passive waveguide of first AVC I (pass-through signal in Fig. 5.5) 

will be used as the input signal to the following switch cell, where in this case the injected 

current to the AVC's is fixed at 200mA, like the point-to-point switching operation. The output 

power from lower passive waveguide of the AVC2 of this switch cell is recorded and this is 

called modelled trailing'switch output. In the whole simulation, it is assumed that the signal 

will be fully deflected from the TIR mirror without any loss. The simulation results will be 

given in Section 5.3.4 in order to compare with the experimental results. 

5.3.2 Experimental Setup for Multicast Characterisation 

A setup shown in Fig. 5.6 is used to measure the AVC based OXS transmission 

characteristics involving consecutive cells in order to verified the simulated predictions. The 

experiment is very similar to point-to-point switching characterisation as described in Section 

2.4.1, except that two current pulses are used to drive the OXS switch cells in order to observe 

the multicast characteristics. Switch cells C3 and C4 are used in this experiment. A BP8168E 

tuneable laser source generates an input signal at the wavelength of 1552nm, which is 

modulated by a Mach-Zehnder Interferometer (MZ) into a series of light pulses with Igs-pulse 

width synchronised to one variable amplitude switching current pulse (which is injected into 

cell C3) and one fixed amplitude switching current pulse, 200mA, which is applied to the cell 

C4. The pulses are repeated every 5gs giving a duty cycle of 20%. The light signal is coupled 
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in and out of the 4x4 matrix using two lensed 4-fibre arrays. Fibre alignment process is the 

same as described in Section 2.4.1. A polarisation controller (PC) is used in order to produce 
TE polarised input signal. At the output, the signal is filtered using an optical bandpass filter to 

suppress the amplified spontaneous emission (ASE) noise. The fibre coupling loss in the setup 
is measured at about 8dB per facet due to the highly elliptical waveguide near field. 

f 

1552nm 

vc 

Igs -Vb 

-v 
ol 

a 
5gs 

A 

B 

c 

D 

Figure 5.6 Experimental setup for measuring multicast switching characteristics of two cells in the same 
row of the switch matrix. Dung the measurement current injection to cell C4 (IC4) is kept at 200mA while 
10 is increased. MZ: Mach-Zehnder Interferometer; PC: Polarisation Controller; OBP: Optical Bandpass 
Filter, A: Ammeter. 

The measurement is taken by first setting the current injection to cell C4 (IC4) at 200mA 

without any current injecting to cell C3 (IC3 = 0)- This is just like the normal point-to-point 

switching operation where the optical input signal will be routed out from Column 4 (C4) of the 

OXS. The optical signal is measured by an optical power meter and recorded. With keeping 

thek4at 200m. A, theIC3 is gradually increased with 20mA-step (IOmA-step for current between 

IOOmA and 200mA). The output signals from both Column 3 (0) and Column 4 (C4) are 

measured by a power meter and recorded. 

5.3.3 Results and Discussions 

The measurement data is plotted in Fig. 5.7 together with the simulation results, with a 

reasonable agreement between them except for the absolute transmission values of switch cell 

C3, where the measured values are approximately 5dB lower than the calculated curve. This 

kind of discrepancy can be reasonably attributed to fabrication related imperfections. 
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Figure 5.7 Simulated and measured normalised multicast switching characteristics of two cells in the 
same row of the switch matrix. During the measurement current injection to cell C4 (IC4) is kept at 
200mA while IC3 is increased. 

The key feature is that the reduction and recovery behaviour at the trailing switch cell 

output (C4) is observed as current to the preceding cell C3 is increased. With the preceding cell 

OFF and the trailing cell current increased, signal transmission to the trailing output is increased. 

This represents the normal 1-to-I switching operation. As the injection current is held to this 

trailing cell, and the injection current to the preceding cell starts to increase, signal power levels 

increase at the preceding output while it reduces at the trailing output, as plotted in Fig. 5.7, 

which indicates that signal is indeed being switched to the preceding output. The optimum 1-to- 

I switch current for the preceding cell is found to be about 140mA as this is where the trailing 

output reaches a minimum. This is verified by the simulated AVC I output of the preceding cell, 

where the pass-through signal is about l4dB lower than its normal level, indicating a near 

complete (-96%) transfer of signal to the preceding output. However, if current to the 

preceding cell is further increased, the signal level at the trailing output recovers as the optimal 

coupling point is past, while the signal levels at preceding output does not decrease as would be 

expected from a passive waveguide coupler switch device. In contrary, the signal level at the 

preceding output continues to increase slightly while signal level at output C4 completely 

recovers to its previous values. Therefore two copies of the signal now exist at both outputs 

with the same or higher levels as achieved in 1-to-I switch operation. Thus I-to-2 optical 

multicasting without excess loss has been achieved. 
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5.4 DEMONSTRATION OF OPTICAL PACKET MULTICASTING 

5.4.1 Experimental Setup 

Optical Label 

- Processing Unit 
Labelchannel 

PC (OSC) 1234 
mz 

+A 

A1=1550nm 
B PC 

PC 

I PPG21 
50,50 kýý F PPGI 

C 
PC EDFA OBP VOA D 

C 

+ 
mz 

A,, = 1552nm Payload channel 0xS 

OBP 

F1 OG b/s receiver 
I 

DCA/O 

Figure 5.8 Experimental setup for demonstrating packet multicasting using a4x4 OXS matrix. PC: 
polarisation controller; PPG: pulse pattern generator, MZ: Mach-Zehnder modulator; EDFA: erbium 
doped fibre amphfier; OBP: optical bandpass filter; VOA: variable optical attenuator; DCA: digital 
communication analyser; OSA: optical spectrum analyser. 

A similar experimental setup for point-to-point optical packet switching as described in 

Chapter 3 is used to demonstrate the optical packet multicasting using the OXS matrix. The 

experimental setup is illustrated in Fig. 5.8, where switch cells in row C are used in this work. 

The optical label processing unit used in Section 3.3.1 is employed in the experiment to perform 

the optical label detection as well as optical packet switching. The optical labels are transmitted 

via an optical signalling channel (OSC) at X, = 1550nm, at a bit rate of 155Mb/s and the second 

switch cell in the same row (indicated by the column 2 in Fig. 5.8) is used as photodetectors 

eliminating the needs for additional optical detector. This detection can be performed by any 

switch cell in the row. Switch cell C2 is chosen here because its corresponding output 

waveguide facet is damaged so cannot be used for effective transmission. 

The detected label signal consists of 4 bits of packet arrival flag '1100', followed by 8 bits 

of address bits which control the routing. The address bits correspond to the 4x4 OXS matrix 

configuration, with the first 4 address bits referring to the row address (A, B, C, D) and the 

remaining 4 bits determining which switch cells in the row (1,2,3, or 4) to be turned ON. 

Data payloads are generated by externally modulating a CW wavelength (X2 = 1552nm) 

with a PRBS 2"-1 sequence (which is the longest possible PRBS to fit into one pattern cycle in 

the customer programmable memory in the PPG) that has been chopped into eight 750ns-length 

packets at a data rate of 9.92Gb/s. At this data rate, every 64 bits of payload is equivalent to 1 

bit of label. The pulse pattern generator (PPG) is also programmed so that the data payload is 
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lagging 141.9ns behind the optical label, which include the label length of 77.4ns (12 label bits) 

and 64.5ns guard time (10 label bits). The routing information contained in the label instructs 

the OXS to switch every other packet, so operating at 3.3gs intervals with a switching current 
pulse length of 825ns corresponding to a duty cycle of 25%. The 4x4 OXS matrix device is 
bonded to a copper heat-sink with device side up with temperature controlled at 20'C by a 
thermoelectric cooler (TEC). 

The OSC and payload channels are combined then amplified, and through a variable 
optical attenuator (VOA) coupled in the OXS via lensed fibre, where the alignment process is 
the same as described in Section 2.2.1. At the outputs the switched signals are collected by a 
lensed 4-fibre array, filtered using optical bandpass filter (OBP) to suppress the OSC as well as 
amplified spontaneous emission (ASE), and detected by a IOGb/s photo-receiver module, then 

analysed by a HP83480A digital communication analyser (DCA) and an Anritsu MS9710B 

optical spectrum analyser (OSA). 

5.4.2 Results and Discussion 

The multicast signal quality is assessed. Because the device thermal load is much greater 

than point-to-point switching due to the need for the number of devices switched ON 

simultaneously, bit error rate (BER) measurement using long data bursts (>5Rs required for 

synchronisation for the BER test equipment in the laboratory) would put severe strain on the 

device. On the other hand, packet BER measurement could not be performed due to lack of 

packet clock and data recovery circuits. Therefore the transmitted signal Q factor is measured 

which is a good indication of the signal quality. 

The Q factor measurement for packet multicasting outputs C3 and C4 are taken. This is 

done by first setting both theIC4and IC3 to 200mA. Initially, the input signal power to the OXS 

is set to -14dBm and the switched payloads from C3 and C4 are observed by a DCA and the Q 

factors are recorded. The input power of the optical signal is then gradually reduced by 

adjusting the VOA and the Q factor for the switched payloads are measured accordingly. 

In Fig. 5.9 the Q factor for packet multicasting outputs C3 and C4 is plotted as a function 

of the received power of the lOGb/s photo-receiver module, after deducting a total loss of l8dB 

in the measurement system, including polarisation controller, input/output coupling, and optical 

filter. ffigh Q factors indicative of error free transmission are attainable. The power penalties 

for outputs C3 and C4 compared with the back-to-back is about I. OdB and 1.5dB respectively. 

importantly, no evident increase in power penalty is observed comparing with that measured at 

the same outputs under 1-to-I switching conditions, as given in Section 3.3. The inset shows a 

typical eye diagram at maximum power at C4 (-14dBm). 
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Figure 5.9 Q-factor vs. output power P,, t for OXS C4 and C3 in the multicast configuration. The inset 
shows a typical eye diagram of the maximum power at C4 (20ps/div). 

The evolution of eye diagrams of the output signals during the transition towards the 

multicasting state is studied. The input power for the optical signals in this experiment is kept 

at -14dBm. The signal quality are characterised in 3 different kinds of multicasting 

configurations: 1) an 1-to-2 multicasting operations using cells Cl and C4 by keeping C4 ON 
(IC4 = 200mA) and gradually turn ON Cl (1c, = variable, IC3 = 0), 2) an 1-to-2 multicasting 

operations using cells C3 and C4 by keeping C4 ON(IC4= 200mA) and gradually turn ON C3 

(IC3 = variable, Ic, = 0), and 3) an 1-to-3 multicasting operation using Cl, C3, and C4 by 

keeping C3 and C4 ON (IC3 = 200mA, IC4 = 200mA) with Cl gradually turned ON (ICI = 

variable). For all these experiments, the evolution of eye diagrams of C4 are observed by a 

DCA and Q factors are recorded. C2 is unusable for switching in this device as the waveguide 

facet at output 2 is damaged resulting in high coupling loss to fibre. It is instead used as the 

optical label detector. 

The signal quality characterisation at output C4 for the above 3 different kinds of 

multicasting configurations are plotted in Fig. 5.10. In all the cases the Q factor values at output 

C4 drop below 7 which correspond to BER - 10-12 in the 120-170mA injection current range to 

the preceding cells and show minima at around 140mA which is the optimal unicast switching 

point. Outside of this range Q-factors of >8 are measured indicating error-free transmission. 

The Q-factor values in the multicast region on the right side of the minima show no obvious 

difference to its values on the left side, recovering to higher than 14 in all cases as shown by the 

eye diagram insets in Fig. 5.10. 
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Figure 5.10 Q-factor vs. driving current for different I-to-2 and I-to-3 multicast configurations. In the 
insets typical eye diagrams of output C4 at I= 0,140mA, and 220mA respectively (20ps/div). 

The experiment is carried on with assessing the optical signal-to-noise ratio (OSNR) at 

output C4. Initially, the switch cell C4 is turned ON(IC4= 200mA) while the other switch cells 
(C I and C3) are without any injection current (turned OFF). The OSNR of the switched payload 
from C4 is measured using an Anritsu MS9710B optical spectrum analyser (OSA). Then by 

keeping the IC4 at 200mA, the IC3 is gradually increased to 140mA before to 200mA. The 

OSNR of the switched payload at output C4 for both cases are recorded. The same process is 

repeated for switching operation at switch cell C 1. All the measurement results are tabulated in 

Table 5.1. As expected, the OSNR drops from 35.4 1 dB to 31.86dB when switch cell CI and C3 

are turned ON. However, the high OSNR values attainable in the 1-to-3 multicast configuration 

suggest that the scale of multicast can be further increased as it is still much higher than 

typically required for error-free transmission. 

Table 5.1 
OSNR at output C4 measured at different preceding switch cell injection current values 
for two multicast configurations. Optical bandwidth is 0.1 nm and input signal power is 

0 dBm. 
IC4 

(mA) 

IC3 

(n-tA) 

Icl 

(mA) 
OSNR 
(dB) 

Remarks 

200 0 0 35.41 C4 only 
200 140 0 22.77 Pt-to-pt switching @ C3 

200 200 0 32.92 1-2 multicasting 
200 200 140 17.78 Pt-to-pt switching @ Cl 

200 
_200 

200 31.86 1-3 multicasting 
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5.5 PERFORMANCE ANALYSIS OF SIGNAL QUALITY AND 
SCALABILITY FOR OPTICAL PACKET MULTICAST 

A key issue in any switching fabric is scalability. In this multicast scheme, as optical loss 
is no longer the issue, it would appear that the multicast could be scalable indefinitely. However, 
the number of optical data copies that can be made is decided by two other main mechanisms, 
amplified spontaneous emission (ASE) accumulation [22] or gain saturation [231 depending on 
the operating regime of the multicasting device. These operating regimes can be defined 
similarly to scenarios one would find in cascaded optical amplifier chains. 

A first regime the device can be operated is so called 'constant power' regime. In this 
regime, attempt is made to produce copies of optical data with equal output power. In a cascade 
device, this regime means that signal optical power at the input to each stage is kept constant. 
This equivalently means that the optical gain of each switch cell to the pass-through signal will 
be unity. In such an arrangement, the ASE power will accumulate in the OXS resulting in 

optical signal to noise ratio (OSNR) deterioration. 

The device can also be operated in a second, 'constant OSNR', regime. In this case the 

gain of the switch cells to the pass-through signal can be adjusted higher so that the least 

deterioration of OSNR is achieved. This would require the pass-through signal be amplified 

over the input signal to compensate for the increase of ASE power through increasing numbers 

of switch stages. 

5.5.1 Computer Simulation 

Computer simulation is carried out for both operating regimes. In the previous simulation 

described in Section 5.3.1, it is assumed that the ASE does not affect the overall switching 

operation. Therefore, it is negligible and not included in the simulation. However, as the 

optical signal traverses through more and more AVCs, the ASE effect has to be taken into 

account. 

Modelling ASE requires spontaneous emission to be calculated and included in the 

simulation at every longitudinal section in the active region of the device. This is simplified by 

assuming that the total spontaneous emission power occurs at the gain peak wavelength. The 

total spontaneous emission generated in a device section is added to the simulation at the centre 

of the section. Once the spontaneous emission has been calculated and added to the model, its 

propagation is simulated in the same way as the signal. In the simulation, the spectral 

dependence of ASE is not considered. Therefore the results obtained may only apply to the 

wavelength close to the centre of the switch gain peak. Self-filtering effect [24] due to 
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wavelength dependence of both gain and spontaneous emission should be considered both in 
simulation as well as experimentally. 

A multi-section simulation method has been developed based on FIMMWAVE and 
FIMMPROP-3D and a program developed by a research student in Photonics Group [24]. In 

the simulation, the device is broken up into a number of short sections (I Ogm in this simulation). 
Each of these sections is assumed to have constant carrier density, and that the carrier density in 

each section is related to the current density at the middle of the section by the steady-state 
carrier density rate equation, Eq. (5.10). To further simplify the simulation process, only 
discrete values of carrier density with fixed incremented. step size are used to generate a list of 
waveguide files. For each of the carrier density, N, FIMMWAVE is used to solve the vectorial 
compound modes in the AVC. FIMMPROD-3D is then used to find the S-parameter (transfer 
function) of a two-section model, where each section consists of one of those waveguide files 

solved previously. By repeating this process, a table consists of all possible transfer functions 

between sections can be obtained. These transfer functions can then be used one at a time to 

recalculate the propagation of the light from one section to the next, quickly swapping transfer 
functions as the carrier density is changed. 

The spontaneous emission rate is calculated as the BN 2 term in Eq. (5.10). The proportion 

of spontaneous emission (SE) power coupled into the two coupler supermodes is calculated by 

the foHowing equation [261 

I AT 
8 )Zn eff 

2 
Md 

(5.11) 

where nff is the mode effective refractive index, A is the wavelength, co the width of the 

waveguide, d= dqwNq,,, the active volume thickness, and F is the confinement factor of the mode 

concerned in the active volume. The total SE generated in a device section is added to the 

simulation at the centre of that section. Once the SE has been calculated and coupled to the 

guided modes, its propagation is simulated in the same way as the signal, i. e., it will be 

amplified by the peak gain of the active layer and will also couple between the waveguide 

layers. 

The calculation is somewhat simplified by assuming that the total SE power occurs at the 

gain peak wavelength. The total output ASE power is then scaled down according to the optical 

bandwidth for OSNR measurement (0.1 nm) as a fraction of the total ASE bandwidth. In our 

model, we further calibrated output ASE power levels using measured ASE power from the 

output of a real switch device. The OSNR calculation has taken into consideration the effect of 

the fibre coupling loss (-8dB from the measurement) as well. 
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5.5.2 Results and Discussions 

Fig. 5.11 shows the simulated evolution of the signal power, output ASE power and output 
OSNR through increasing number of stages of the OXS in the 'constant power' multicasting 
regime. The device is configured such that at the end of AVCI the signal is equally split 
between the pass-through (refer to Fig. 5.4) and the switched output port at each stage, and the 
pass-through gain is set to unity for all stages by setting the same current injection (200mA) to 
each device. As expected, the OSNR values will deteriorate through the stages. However, with 
the first 3 points calibrated to the measured data listed in Table 5.1, the model predicts that a 
reasonably high OSNR value of >25dB can stiR be achieved for as many as 40 stages of 
multicasting. 
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Figure 5.11 Calculated OSNR degradation in the constant power multicasting regime as the number of 
multicast stages is increased. The ASE power plotted is within a measurement optical bandwidth of 
0.1 mn, and the input signal power is OdBm. 

Fig. 5.12 plots the calculated evolution of the signal power, output ASE power and output 

OSNR through increasing number of stages of the OXS in the 'constant OSNR' multicasting 

regime. By adjusting the injection current (hence signal gain) of each stage, the pass-through 

signal is amplified throughout the stages so that the deterioration in multicast output OSNR is 

minimized. In this case the OSNR can be kept above 30dB throughout 30 stages of multicasting. 

However, gain saturation is not considered in the model for simplicity of the simulation. 

Therefore, it can be observed that the signal power would soon exceed a reasonable value for 

the output saturation power of the AVC switch cell. In this calculation, with an input signal 

power of OdBm, at stage 16 the pass-through signal level reaches 5dBm, and at stage 30 the 

signal power exceeded lOdBm. Therefore AVC gain saturation will be the main factor limiting 

the scale of multicasting in this operation regime. 
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Figure 5.12 Calculated signal power and ASE in the constant OSNR multicasting regime. Optical 
bandwidth is 0.1 nm and the input power is OdBm. 

5.6 SUMNURY 

It is proposed that a novel optical multicast scheme without excess optical splitting loss is 

realisable using an AVC-based optical switch matrix, due to the optical gain available in the 

AVC switch cells. Theoretical analysis and computer simulation both confirm the feasibility of 

this scheme. Computer simulation further suggests that the scalability of the scheme can be as 
high as 40, perhaps even higher. 

Experiments carried out using existing 4x4 switch matrix successfully demonstrated the 

predicted multicast switching operation. Both the switching characteristics and the OSNR 

values measured are in good agreement with simulation predictions. 11igh switched signal Q 

factor values of 1-to-2 and I-to-3 multicasting configurations indicate that the scale of the 

multicasting scheme can definitely be further increased, but without larger switch matrices the 

scalability limit cannot be tested at the moment. The high thermal load due to the high current 

consumption with the existing device has also limited the switching duty cycle to 25% under 

normal operation. 
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Chapter 6 

CONCLUDING REMARKS 

6.1 CONCLUSIONS 

The move of optical networking towards a dynamic, packet-routing based paradigm [11 

needs to be underpinned by a range of novel optical device technologies. Among them is an 

optical space switching fabric. 

By employing optical switching units based on InGaAsP-lnP active vertical coupler 

structures, the switch matrix has demonstrated an ON-OFF extinction ratio as high as 70dB and 

crosstalk levels of <-65dB [2,3]. Lossless switching with optical gain up to MB is achieved 

across the matrix. Less than 3dB path-dependent loss across the matrix is also obtained [4]. 

This is further validated by the computer simulation, where a good agreement was achieved. 

All these features are utilised to demonstrate the applications. in an optical packet 

switching/optical label switching (OPS/OLS) scenario which is the starting point of this work. 

In this dissertation, efforts have been given to investigate the inherent characteristics and to 

explore the functionalities of a 4x4 active vertical coupler (AVC) based optical crosspoint 

switch (OXS) that has been developing at the University of Bristol [2,3]. Electrical circuit 
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boards have been designed and were built to integrate into the OXS chip to demonstrate various 
applications in an OPS/OLS subsystem. 

In this project, first the use of residual coupling of light in the upper active waveguide of 
the AVC structure has been explored to realise integrated optical tapping and photodetection 
functionalities. An optical label processing unit has been implemented to demonstrate the 

operational principle. Experimental results demonstrated the ability of crosspoint switch matrix 
to detect 155Mb/s optical labels as well as to perform optical packet routing without additional 
optical components. The detection performance is comparable to optical taps with normal 

photodiode, with sensitivity of detection of -22dBm with a TIA of 20M. The label data rate is 

mainly limited by the bonding pad capacitance which can be further improved, as the travelling 

wave detection mechanism itself should be sufficiently fast for multi-gigabit detection. Good 

packet switch performance is demonstrated by switching 1OGb/s optical data packets with 

variable length in the range of 0.5-1.5gs. The power penalty of the switched payload is less 

than 1.5dB, with a difference between two adjacent switches of about 0.5dB. This collaborates 

with previous measurement carried out using long data packets (>I ORs) [4]. 

Next, the integrated optical tapping and photodetection functionalities as well as switching 

characteristics of the OXS matrix are used to implement a novel per-packet optical power 

equalisation scheme. Dynamic output packet power equalisation to within +0.2dB/-0.3dB for 

input dynamic range of 5dB between consecutive optical packets has been successfully 

achieved. A response time of -100ns is achieved, which can be further improved by faster A/D 

converters and D/A converters. This scheme can also be used in any SOA based switching 

fabric to overcome path dependent loss as well as residual polarisation dependent loss in both 

network and in switching nodes. To the best of my knowledge, this is the first time such a 

scheme is reported. 
Finally, a novel optical multicast scheme without excess optical splitting loss is realised 

using the AVC-based optical switch matrix, due to the optical gain available in the AVC switch 

cells. Theoretical analysis and computer simulation both confirm the feasibility of this scheme. 

Computer simulation further suggests that the scalability of the scheme can be as high as 40, 

perhaps even higher. Experiments carried out using existing 4x4 switch matrix successfully 

demonstrated the predicted multicast switching operation. Both the switching characteristics 

and the OSNR values measured are in good agreement with simulation predictions. High 

switched signal Q factor values of 1-to-2 and 1-to-3 multicasting configurations indicate that the 

scale of the multicasting scheme can definitely be further increased, but without larger switch 

matrices the scalability limit cannot be tested at the moment. 

Issues related to the existing device have also been investigated during the implementation 

and experiments. They have to be further addressed before application in practical networking 
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environment. It is very important that the polarisation-dependent loss must be minimised. 
Polarisation dependence in the AVC switch unit arises from two sources: the polarisation 
dependence of the vertical coupling process and that of the optical gain. It has been 
demonstrated that vertical couplers can be made polarisation independent [51, and polarisation- 
independent optical gain structure is well reported in SOA [6]. Heating due to high switching 
currents needs to be reduced by using narrower waveguides and effective thermal management. 
Also, the fibre coupling losses have to be improved as well considering a total insertion loss of 
16dB-2OdB is reported from the experiments. 

Towards the end of this work, a fully packaged 4x4 crosspoint switch matrix has been 
developed, as shown in Fig. 6.1 (a). The OXS chip is bonded on an AIN ceramic motherboard 
with electrical fan-out connections, which is then mounted onto a thermo-electric cooler (TEC) 

inside a CuW case for thermal management. Optical coupling is via two 4-fibre array with 
lensed fibre tips mode-matched to on-chip mode expanders. The positioning of the fibre array 
is achieved using Si V-grooves. 

Contributions have been made to this packaged device where an electronic interface for the 

packaged switch matrix has also been developed. The main completed task in this work include 

circuitry and logic design for the OXS matrix driver control. This is helped by the knowledge 

of designing/developing the label processing unit as described in Chapter 3. Another completed 

task involved is the boxing of the electrical interfaces as well as the optical interfaces. The 

completed electrical sub-module for the packaged OXS matrix includes a 4-bit high speed 

address interface, a CPLD decoder circuit, high speed driver circuitry for the 16 switch units in 

the 4x4 matrix, a self-test circuit, and a temperature control circuit. The electronic interface and 

the packaged switch matrix are encased in a 120 x 200 x 40MM3 box with an external heat sink, 

as depicted in Fig. 6.1 (b). 

(a) (b) 

Figure 6.1 (a) Packaged optical switch device, and (b) a switch module. 
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6.2 FUTURE WORK 

There are still a lot of tasks can be done to further apply the inherent functionalities of the 
OXS switch: 

0 Contention resolution 
No contention resolution scheme is included in the work described in this thesis. All 
the experiments carried out were only using one input port. Therefore, there was no 
competition for the output ports. One contention resolution scheme can be used in 
associated with OXS matrix is deflection routing with fibre delay lines (FDL). For 

example, if more than one input signals are competing for the same output ports, the 
one with higher priority will be routed while the other one will be forwarded to a FDL 

and loop back to the OXS matrix so that it can be forwarded to destine output at the 
later time slot. It is very important to assess the cascade-ability of the device to see if 

the signal quality still maintained after a number of loops. 

9 Labelling techniques 

Bit-serial labelling (time division multiplexing, TDM) technique with intensity 

modulation has been employed in the demonstrated applications for the ease of 
implementation. It is worth to compare this technique with other labelling techniques 

such as sub-carrier multiplexing (SCM) and orthogonal labelling (DPSK, FSK, etc. ) to 

evaluate the performance of the switching; in particular, the OXS matrix's ability of 

signal/header/label detection to see if the advantage of the switch as a photodetector 

can be maintained. 

* Label swapping 

The optical label detection has been successfully implemented with the use of OXS 

matrix. TDM label erasure can be implemented easily as after the label detection in 

the demonstration, only the payload is switched. The label is therefore erased 

automatically. However, the label swapping scheme (label reinsertion, in particular) is 

not implemented yet. This is very important as in optical packet/label switching 

network, the packet will traverse more than one switching nodes, so label 

swapping/reinsertion is needed in order to forward the optical packets through the 

network. 
Synchronisation 

Due to the lack of fast clock recovery circuit, a separate synchronisation channel is 

always included in the implementation in order to maintain the clock phase locked in. 

It is desirable to improve this implementation by getting a better synchronisation 

strategy. A similar work to the clock selection technique as described in [7] has been 

started to try to address the synchronisation issue. In this case, two clocks with 90" 
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phase difference are generated by the synchronisation unit and the controller is to 

select the clock most suitable for detecting a data packet. However, this work is in the 

design stage and therefore still not implemented yet. 

0 Device related issues 

As pointed out earlier, there are still some key issues of the existing devices have to be 

addressed: (i) polarisation-dependent loss has to be minimised; (ii) thermal problem 
due to high current consumption has to be reduced; and (iii) improve the fibre coupling 
loss. 
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