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Abstract 

The work presented in this thesis concerns the theoretical design, fabrication and 

assessment of monolithically integrated optical space switches for future optical routing 

networks. The evolution of modern optical communication systems is first summarised in 

chapter 1, which outlines the various methods currently used to exploit the bandwidth of optical 
fibre. The future role of optical communications is then discussed, where the optical space 

switch is shown to be the key component required for future optical routing networks. This 

introduction continues in chapter 2 with an analysis of methods currently used to design optical 

space switches. The difficulties involved in the monolithic integration of these devices are 
discussed together with a complete summary of the many space switches reported to date. After 

highlighting the disadvantages with current monolithic designs, three entirely new space 

switches are proposed which form the basis of the following five chapters of work. 
Chapter 3 begins by discussing the role of Two Dimensional Integrated Optics (21310) 

in space switch development. A novel NxN 21310 space switch architecture is proposed for the 

InP/InGaAs/InGaAsP material system, and is theoretically designed in order to achieve 

acceptable device performance. Calculations show that the final 4x4 switch would operate with 

a net fibre to fibre gain, crosstalk of less than -40dB and occupy only 2x2mm 2 of an InP wafer. 
Chapters 4,5 and 6 describe the second space switch presented in this thesis, which 

operates in the 1.5ýtm communication window and is grown in the InP/InGaAs/InGaAsP 

material system. Chapter 4 starts with the theoretical optimisation of the device size in order to 

achieve the most compact switch possible, while still maintaining an acceptable loss and 

crosstalk performance. The fabrication of several InP devices is then described in chapter 5, 

which have been made to justify the theoretical calculations made in chapter 4. This discussion 

also provides an insight into the many fabrication issues posed by InP crosspoint fabrication. 

Finally chapter 6 describes the experimental measurement and assessment of these devices. 

This analysis allows an estimate of the performance of the'final 4x4 space switch. Results show 

that the device would operate with net fibre to fibre gains of the order of lOdB, crosstalk 

figures of less than -500, and occupy approximately lx2mm 2 of an InP wafer. The device 

presented is the smallest broadcast 4A space switch proposed in the literature to date, which is 

an order of magnitude improvement on existing InP space switch designs. 

Finally chapter 7 describes a third method for achieving space switching by using 

wavelength conversion and passive wavelength routing. A novel multi-wavelength laser is used 

to demonstrate lx4 space switching at 2.488Gbits/s. This is currently the highest modulation 

rate achieved by a monolithic integrated multi-wavelength laser. 

Chapter 8 concludes with a summary of the main points of this thesis and suggestions 
for future work. 
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Monolithic Integration of Optical 
Space Switches 

Cha ter I T 

1.1 Introduction 

T he work presented in this thesis investigates the monolithic integration of optical space 

switches in the InPlInGaAsPlInGaAs material system. This chapter will give a brief 

introduction to the reasons why optical space s witches are required for future 

telecommunication systems. It will be shown that the space switch is a core component required 
forfuture optical network schemes. However, in orderfor these devices to become viable, more 

effective methods must be found to monolithically integrate them onto semiconductor 

substrates. Wavelength conversion and passive wavelength routing could also play an 

important role in space switch development, especially in Wavelength Division Multiplexing 

(WDAII) schemes. Thus methods of achieving wavelength routing will also be discussed 
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1.2 Development of Optical Communications 
1.2.1 A Brief Introduction 
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Figure]. ] Measured loss in a single mode fibre as ajunction of wavelength (after[]]) 

The advent of the single-mode fibre in the early 1970's presented engineers with a low 

loss transmission medium which marked the dawn of the modem optical communications 

revolution. Optical fibre offers terahertz of bandwidth compared with conventional coaxial 

cable, which is limited to around a gigahertz. However, unlocking this enormous potential has 

not been easy. It is only lately, almost thirty years after its conception, that commercial systems 

are beginning to fully utilise the enormous communications capacity offered by optical fibre. 

The first optical communication systems used multimode fibre and AlGaAs Fabry 

Perot (FP) laser sources which operated at wavelengths around 0.85ýtm. However, these 

systems were limited owing to significant optical loss with transmission distance. Figure 1.1, 

plots the material loss of optical fibre as a function of wavelength, which indicates a value of 

around 2dB/km at 0.85ptm. This constrained the practical link length to around lOkm, before 

which the optical signal had to be 'regenerated'. At the time, with no adequate method of 'all- 

optically' amplifying the signal, this involved an electronic technique of detecting the 

transmitted signal and remodulating a secondary laser source. The so called 'repeaters' were 

expensive and the modal dispersion of the multi-mode fibre limited the communication data 

rate to around I OOMbits/s [2]. 

Meanwhile, work in the InGaAsP material system had resulted with lasers operating at 

1.3 ptm, which had the advantage of a lower fibre loss of -0.5dB/km (figure 1.1). The distance 

between repeaters could be increased five fold, resulting in spans of more than 50krn and 

drastically reduced repeater numbers and therefore cost. With the use of single mode fibre, 

modal dispersion was eliminated and the data rate could be vastly improved up to 2Gbits/s. 
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1.3[im lasers also offered advantages in zero material dispersion (figure 1.2), which meant 
Fabry Perot lasers could still be used at the higher data rates. However, the number of optical 
regenerators required for a link still imposed cost limitations on the total length of the network. 
Economic considerations thus prompted a third generation of optical communications. These 

systems operated at 1.5ýim, the absorption minimum of single mode fibre (figure 1.1). 

1.2.2 The 1.5ýtm Window and the DFB Laser 
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Figurel. 2 Measured Material dispersion for atypical single-mode fibre (after[3]) 

At 1.5ýtrn the repeater spacing can easily exceed 100km for moderate bit rates [4]. 

However, at high bit rates (>IGbit/s), the repeater spacing is not limited by fibre loss but by 

chromatic dispersion (the refractive index dependence of silica as a function wavelength as 

plotted in figure 1.2) [5]. Typical sources contain a range of wavelengths (or spectral width) 

which,, over large fibre links, reach the detector at different times. This causes individual bits to 

merge together as the signal travels down the fibre. In an FP laser the spectral width may be 

several nanometers, which limits the maximum transmission distance for a given modulation 

speed (4krn for a 2.5Gbit/s bit stream at 1.55ýtm [6]). Two methods have been used in order to 

overcome this problem. The first led to the development of Dispersion Shifted Fibre (DSF). By 

controlling the geometry of the fibre, the zero dispersion point plotted in figure 1.2 may be 

shifted to 1.55Vtm [7]. This solution seems ideal, however to date, the vast majority of installed 

optical fibre is standard, with a dispersion minimum at 1.3ptm. It is currently too expensive to 

upgrade all existing systems to DSF, thus other methods had to be found in order to overcome 

dispersion. 
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The second method involved reducing the linewidth of the lasing mode, ýNhich led to 
the development of the Distributed FeedBack (DFB) laser and Distributed Bragg Reflector 

(DBR) laser. Both designs restrict the optical frequencies which are able to resonate inside the 
laser cavity by the use of a Bragg reflection grating [8]. This forces the device to lase in a 

single longitudinal mode with a linewidth of approximately O. Inm. This can increase the 

transmission distance for a given bit rate by 100 fold compared with a standard 1.5ýtm FP laser. 

However, even a DFBs transmission distance is still limited by fibre dispersion. Several 

methods have been implemented to increase this transmission distance still further, but are far 

beyond the scope of this thesis. 

1.2.3 The Erbium Doped Fibre Amplifier (EDFA) 

With the advent of narrow linewidth sources, research into coherent detection systems 

began in order to increase the receiver sensitivity and increase the repeater- repeater distance 

still further [9]. However, a method of all-optically amplifying the signal was required so that 

electronic regeneration could be eliminated. Repeaters not only limited the maximum possible 

bit rate, by introducing an 'electronic bottleneck' into the network, they also made upgrading to 

higher rates extremely expensive. The breakthrough came with the development of the Erbium 

Doped Fibre Amplifier (EDFA). The amplifier consists of optical fibre doped with erbium, 

which is optically pumped by a semiconductor laser at 980nm or 1480nm. The process is 

extremely efficient and the EDFA may be spliced directly into the network, where it can 

provide optical gains of up to 54dB with very low noise figures in the 1530-1565nm window 

(figure 1.3). 
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Figurel. 3 Experimentall measured gain flattened EDFA as afunction of input wavelength y 
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Thus current communications systems operate at 1.5ýtm, with narrow linewidth sources 

to increase transmission distance and use EDFAs to remove the need for regeneration. 
Although 1.3ýtm systems are extremely attractive for minimising dispersion, without a low cost 

all-optical amplifier the associated cost of electronic repeaters limits their implementation. 

There is increasing interest in Praseodymium doped Fluoride amplifiers for 1300nm 

amplification [10], however these amplifiers are costly and currently very inefficient. There 

have been two main advantages in designing optical networks at 1.5ýtm. Firstly the loss is 

almost half that at 1300nm, and secondly an effective amplifier overcomes any loss limitation 

imposed by optical fibre. EDFAs are not only vastly cheaper than regenerators, but are also 

future proof, allowing upgrades to higher bit-rates and implementation of multiplexing schemes 

such as WDM and OTDM. These multiplexing schemes are discussed in the next section and 

are used to improve the communication capacity of optical fibre. 

1.3 Future Communications Systems 

Currently there is a communications revolution. The advent of the internet and video 

conferencing coupled with the next generation of services such as interactive computer 

communication, home shopping and video on demand will all require large amounts of 

communications capacity. Indeed current forecasts expect the demand on communication 

systems to double every year [I I]. Only optical communications can deliver the bandwidth 

required for the future expectations of the global communications network. Two networking 

schemes have so far been adopted for these future systems, dense Wavelength Division 

Multiplexing (WDM) and Optical Time Division Multiplexing (OTDM). 

1.3.1 Optical Time Division Multiplexing (OTDM) 

4 Channel I OGbit/s 
Data Stream 

I OGbit/s 
Modulator 

I OGHz laser 
Pulse Source 

Clock Recovery 

Fibre Link 
EDFA EDFA 

Fibre Time Delay 

Figure]. 4 Schematic diagram of a4 Channel OTDM System 
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IOGbit/s optical and electronic technologies are becoming well established. Over the 

past few years it has become almost commonplace to demonstrate networking functions at 
I OGbit/s. However, an increase to 40Gbits/s is currently difficult because the direct modulation 
of the optical signal is limited by any driver or receiver electronics. Thus the maximum data 

rate of a conventional point to point fibre link is currently restricted. However, coding schemes 
can be used in order to increase the capacity of the link whilst still retaining I OGbits/s 

technology. Optical Time Division Multiplexing (OTDM) is one such coding scheme which is 
discussed as follows. 

Semiconductor lasers are well suited to generate streams of optical pulses, with very 

short pulse widths (-10ps) at tens of gigahertz (100ps) repetition rates. This has been 

demonstrated by both mode-locking [12] and gain switching [13] of the semiconductor laser. 

By optically splitting a pulse stream, each portion may be modulated at its repetition rate as 

shown schematically in figure 1.4. This may be accomplished by using devices such as the 
EI ectroab sorption modulator [14] or Mach Zehnder Interferometer [15] (these devices are 
discussed in more detail in Chapter 2). Each modulated channel may then be interleaved in 

time, by delaying each channel with the appropriate amount of fibre (-2cms per channel at 
IOGbits/s), before being transmitted down the same optical fibre. Thus by using IOGbit 

technology the capacity of the fibre has been increased 4 fold to 40Gbits/s. The channels may 
be decoded by incorporating clock recovery and a synchronised receiver [16]. 

The potential communications increase offered by OTDM is significant. The maximum 

number of channels that maybe multiplexed is for obvious reasons related to the pulse width 

and repetition rate of the source. More importantly, the number of channels is also extremely 
dependent on the pulse to pulse jitter. This is the timing error between each successive pulse as 

it leaves the laser. Variations in the firing rate of the source has severe implications for OTDM 

and there is currently much interest in producing low pulse width, low jitter sources for OTDM 

applications. Chromatic dispersion of the fibre link is also a problem and thus low chirp 

sources are also required if the installation of dispersion shifted fibre is to avoided. 

Although OTDM offers a significant increase in the capacity of optical fibre, it is found 

that accessing the network is extremely difficult. For a point-to-point link where there are large 

amounts of data travelling between two distinct locations, its advantages are clear. However, as 

the capacity of networks increases there is a need to use more complicated schemes other than 

for point-to-point data transmission. With OTDM it is extremely costly to decode the 

multiplexed data stream. Removing and replacing single channels of information are expensive 

problems for OTDM- Potentially the whole data stream has to be decoded and recoded to 

provide access to the network. This requires expensive active components such as 

electroabsorption modulators. Thus a second, potentially more flexible scheme has been 
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proposed which multiplexes data in the wavelength rather than time domain. Wavelength 
Division Multiplexing (WDM) has the advantage that decoding can be performed by purely 
passive components, which reduces network costs and increases flexibility. 

1.3.2 Wavelength Division Multiplexing 
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Figurel. 5 A Four Channel Point to Point WDM Network giving 4x2.5Gbits1s 

With the advent of the DFB and Erbium Doped Fibre amplifier in the late 1980's, 

Wavelength Division Multiplexing (WDM) became a realistic possibility. WDM involves the 

simultaneous encoding of data on a number of different wavelengths as shown schematically in 
figure 1.5. A number of narrow linewidth sources, such as DFBs, are first amplitude modulated 

(generally NRZ) independently. Each wavelength may then be multiplexed together onto a 

single fibre for transmission across the link. An optical coupler can be used to achieve 

multiplexing however this technique incurs aI Ologlo(Channel Number) dB loss penalty and as 

such limits the number of channels [17]. More efficient multiplexing may be achieved from a 

diffraction grating, whose loss is independent of the channel number. Many types of 

inonolithically integrated grating (de)multiplexer have been proposed in the literature. A 

description of each type is given in Chapter 7. However they may be briefly summarised by the 

Rowland reflection grating [18,19], the 2DIO transmission grating [20] and the waveguide 

phased array [21-24]. Providing each wavelength channel is within the EDFA gain window 

(1530-1570nm), then any number of WDM channels may be amplified simultaneously by the 

EDFA, thus dramatically increasing the data capacity of the fibre link [25]. Channel extraction 

is easily achieved by the use of a purely passive demultiplexer. 
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Channel Number Channel Channel Channel 
Frequency (THz) Wavelength (nm) Spacing (nm) 

-6 192.5 1557.35 0.81 
-5 192.6 1556.54 0.81 
-4 192.7 1555.73 0.81 
-3 192.8 1554.93 0.81 
-2 192.9 1554.12 0.81 
-1 193.0 1553.32 0.80 
0 193.1 1552.51 0.80 
1 193.2 1551.71 0.80 
2 193.3 1550.91 0.80 
3 193.4 1550.10 0.80 
4 193.5 1549.30 0.80 
5 193.6 1548.50 0.80 
6 193.7 1547.70 0.80 

Table]. ] The ITU Gridfor WDM systems 

There is approximately 5THz of optical bandwidth available in the 1.5ýtm Erbium 

window (1530-1570nm). By using very closely space channels, the so called 'dense' WDM 

system could potentially access all of this capacity. The International Telecommunications 

Union has introduced a standard by which all VYDM channels should be referenced. Initially it 

was recommended that the use of the I S2 - 2P8 Krypton line at 193.68622 1 THz should be used 

as the absolute centre frequency reference for the 1.55ýtrn WDM network [26]. This 

corresponds to a wavelength of 1547.82543nm, with channels then equally spaced by I OOGHZ 

around this value. However,, more recently a standard has been proposed which is based on 

exact multiples of IOOGHz centred about 193. IOOTHz. This standard has now been adopted 

and is termed the ITU grid which is outlined in table 1.1 [27]. 

Although dense WDM offers a tremendous bandwidth increase over single mode fibre, 

it is not without its problems. Originally the channel spacing was standardised to 200GHz 

(-1.6nm), which over the past few years has moved to the ITU 100GHZ grid (-0.8nm). 

Currently, there is increasing demand for a further move to a 50GHz channel spacing (-0.4nm). 

This imposes extremely tight tolerances on WDM demultiplexers and DFB lasers, to avoid 

drifting into adjacent channels. The major problem is the variation of material refractive index 

with temperature. In a DFB (InGaAsP/InGaAs/InP) this results in a lasing wavelength 

dependence of approximately 0.1 nm/'C [28]. This can be actively controlled by monitoring the 

lasing wavelength of the device and employing feedback to adjust the mount temperature. 

However, this results in very expensive laser packages. A similar temperature dependence with 

channel wavelength is exhibited by monolithically integrated demultiplexers. However, 

gradually these issues are being addressed. Very recently a phased waveguide array has been 

demonstrated with an 8GHz (0.05nm) channel stability over an operating temperature of 850C 

without the need for temperature control [29]. 
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1.3.3 Wavelength Routing Optical Networks 

Long Haul 

Optical Network Nodes 

Fibre to the Home 
Figure 1.6 Future All-optical Routing Network (after [30]) 

Business Ring 

So far WDM and OTDM has been discussed in terms of point-to-point links, whereby 

several signals have been multiplexed together onto a single fibre in order to increase the 

capacity of the link between two distinct points. More recently there have been proposals to 

implement in the optical domain some of the functions previously done in the electronic 

domain: namely broadcast the data directly to the end user. This requires components which are 

able to route data between different regions of the optical network (figure 1.6). For these so 

called 'routing' networks WDM has many advantages over OTDM, since individual channels 

can be more easily demultiplexed. This section discusses some of the many devices which will 

be required for the future optical routing network. It will be shown that the crosspoint switch is 

one of the most crucial. 

4 Channel WDM Network 

2x2 

2x2 

2x2 
ADD DROP 

2x2 

Figurel. 7 Four Channel ADDIDROP WDMnetwork node. 
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Compared with OTDM it is relatively straightforward to get on and off a WDM 

network since decoding can be achieved passively by a monolithically integrated 

(de)multiplexer as shown schematically in figure 1.7. Each channel is first decoded and then 

switched by a 2x2 space switch. The space switch (also known as the crosspoint or cross- 

connect) is able to preferentially switch any of its inputs to any of its outputs. The prefix 2x2 

indicates the number of inputs and outputs (input x output). Thus each wavelength channel may 
be 'switched' out of the network (to the DROP port) and a corresponding wavelength may be 

switched in (from the ADD port), by the use of each crosspoint switch. This function is 

essential for both WDM and OTDM routing network applications, and is termed the 

ADD/DROP demultiplexer [3 1 ]. Indeed, a 16 channel ADD/DROP switch has recently been 

fabricated on InP by monolithically integrating two waveguide phased arrays and sixteen 2x2 

crosspoint switches [32]. The crosspoint lies at the device core and provides the 'switching' 

capacity that is required. However, this is not its only possible application. It is also required in 

more elaborate network switches such as the WDM node which is discussed as follows. 

Figurel. 8 Four Channel 4x4 WDM network node. 

In order for the network to be fully functional, WDM space switches are required. 

These devices lie at major junctions or nodes in the network where traffic is directed between 

different network operators, (figure 1.6). Such a switch consists of a number of input and 

output fibres, whereby WDM traffic may be freely switched between any input and any output. 

Such a4 channel 4x4 WDM network node is drawn schematically in figure 1.8. It may be 

observed that again the crosspoint is essential to the operation of the network node. In this case 

a higher order 4x4 crosspoint is required, one for each of the 4 WDM channels. A 4x4 node has 

been given as an example here, but in general even higher order cross-connects (8x8, l6xI6, 

3202) are required for future routing networks [31]. Thus in order to make these network 
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nodes reliable and cost effective, methods must be found in order to monolithically integrate 
high order crosspoint devices with high levels of performance. The monolithic design of these 
devices forms the basis of this thesis. 

1.4 Wavelength Conversion in a WDM Network Node. 

1.4.1 Passive Wavelength Routing (PWR) 

It has been shown that an NxN crosspoint is an essential component for the next 

generation of optical routing networks. The crosspoint allows data travelling on an many 

optical fibres to be exchanged, thus providing optical connectivity across the network. However 

until now, no description of the crosspoint design has been given here. Indeed, it will be left to 

Chapter 2 to discuss in detail the conventional methods behind crosspoint switch design. Very 

briefly, traditional methods physically connect each input fibre to each output, via an 

arrangement of optical waveguides and digital optical switches. However, in the case of a 

WDM network node a subtly different method may be employed in order to route traffic. This 

involves the use of wavelength conversion and passive wavelength routing which is discussed 

in more detail as follows. 

Apart from the shuffling of data between optical fibres which is achieved by a 

crosspoint switch, wavelength conversion has also been highlighted as an essential part of 

network control [33]. In the case of the WDM network node drawn schematically in figure 1.8, 

it may be shown that at times it is not sufficient only to shuffle data between optical fibres. For 

example, wavelength contention arises when two input channels of the same wavelength are to 

be routed to the same output. Thus in order to avoid this limitation it has been proposed that 

wavelength conversion may be used to convert one signal from one wavelength to another [34]. 

This avoids the need for optical buffering which presently is extremely difficult, and thus 

providing there is redundancy in the number of wavelength channels, contention can always be 

averted. 
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Figurel. 9 Wavelength routing using a passive multi input (de) multiplexer. 
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Given that wavelength conversion is essential, it has been recently proposed that 

wavelength conversion may also be used as the actual method of routing data from each input 

to each output [35]. This can be achieved by using a wavelength converter together with a 
Passive Wavelength Router (PWR) shown schematically in figure 1.9. The PWR is essentially 

a multi input demultiplexer. Each input demultiplexes a set of wavelengths with centre ;ý and 

spacing Ak to each respective output waveguide. By designing the demultiplexer correctly 

(such that the Free spectral Range (FSR) of the grating is equal to the number of outputs, N, 

times the channel spacing Ak), only N wavelengths are ever required to uniquely route every 

input to every output without ever having contention [36]. Thus in order to be able to switch an 

input to an output, the signal must first be wavelength converted to the required wavelength 

which selects the required output. An example of such a4 channel 4x4 WDM passive 

wavelength routing network node is drawn schematically in figure 1.10. Indeed a lx4 space 

switching using passive wavelength routing has recently been achieved at 2.488Gbits/s using a 

tuneable DBR laser and a 4x4 waveguide phased array demultiplexer [37]. 

Figure 1.10 Four Channel 4x4 WDM Cross-connect using passive wavelength routing 

Construction of nodes using passive wavelength routing and wavelength conversion 

may have many advantages over nodes using conventional optical cross-connects. It will be 

shown in Chapter 2 that it is extremely difficult to monolithically integrate high order (greater 

than 8x8) into microchip form. However, in contrast, it is essentially easy to construct high 

order Passive Wavelength Routers, indeed orders of 128xl28 have already been fabricated with 

scope for further development [38]. Thus, in terms of scalability and the PWR is extremely 

attractive. However, it should be noted that for each optical input to the PWR a tuneable 

wavelength converter is required. Thus for the practical implementation, cheap and efficient 

methods must be found to achieve wavelength conversion. Methods for achieving tuneable 

wavelength conversion are therefore discussed in the next section. 
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1.4.2 Tuneable Wavelength Conversion 
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Figure 1.11 Tuneable Wavelength Conversion using counter propagation and an angle facet 
Semiconductor Optical Amplifier (SOA). 

Many methods have been employed over the last decade in order to achieve efficient 

and tuneable wavelength conversion. The most reported method uses gain saturation in an 
Semiconductor Optical Amplifier (SOA) [39-42]. Gain Saturation is a nonlinearity in a SOA 

which is caused when there are too many photons in the amplifier cavity. This reduces the 

overall gain of the amplifier which in WDM systems, can cause patterning and inter-channel 

crosstalk. However, the nonlinearity can be used to good effect to induce wavelength 

conversion. This has been shown schematically in figure 1.11. 

The input signal is first pre-amplified with an EDFA and injected into the SOA cavity. 
This perturbs the gain of the SOA, thus a tuneable source injected into the cavity sees an optical 

gain proportional (and inverted) to the input light intensity. This causes patterning on the 

tuneable wavelength and hence data is converted from one wavelength to the other. A counter 

propagating regime has been discussed here [43], where both the tuneable and input 

wavelengths enter the amplifier cavity from opposite ends of the SOA. This avoids the need for 

post filtering to remove the input signal for the output, which for tuneable conversion is very 

difficult. However, counter propagating schemes tend to suffer from crosstalk generated by the 

finite reflection of the SOA facet. This causes the input to leak onto the output introducing a 

Bit Error Rate (BER) penalty to the converter. This problem may be reduced by having very 

good Anti Reflection (AR) coatings and/or using an angled facet SOA [44]. 

Wavelength conversion using gain saturation in an SOA has been achieved at 40Gbits/s 

with input powers of I OdBm and extinction ratios of 9dB [45]. However, disadvantages with 

the technique are the high component count to achieve conversion. The implementation of such 

a converter in a high order WDM network node would be wholly impractical. This is because 
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for an NxN switch N2 converters would be required, which make the node size and cost 

unfeasible. 

However, gain saturation is not the only method that has been used in order to achieve 
tuneable wavelength conversion. Many other methods have been employed in semiconductor 
devices to achieve fast efficient conversion. A complete discussion of each technique will not 
be given here as an entire thesis could be devoted to the subject [46]. However, as a summary, 

other methods which have been used are given as 

1. Gain Saturation in DFBs and DBRs. 

This is the simplest wavelength conversion technique whereby a DFB laser can be 

turned off by the injection of light into the lasing cavity. A modulation of the input signal 

causes a corresponding modulation on the lasing output of the DFB. By monolithically 
integrating an SOA with the DFB, the input wavelength does not require pre amplification with 

an EDFA. Thus IOGbit/s conversion has been demonstrated with very low input powers 

(-0.8dBm) over 375krn of dispersion shifted fibre [47]. However, owing to the nature of the 

DFB, tuneable conversion is only possible over -Inm (for IOOC temperature tuning) and -5nm 
(using a split contact and current tuning). However tuneable wavelength conversion has been 

achieved over the entire erbiurn window (1530nm-1560nm) using a DBR laser, with 3dBm 

input powers [48]. 

2. Cross Phase modulation using an Interferometer [49,50] 

This technique uses two SOAs in the arms of a Mach Zehnder Interferometer. By 

injecting the input signal into one side of the device, the phase difference between both arms 

can be changed by n radians between the on and off states of the input. A tuneable wavelength 

signal injected into the other side therefore sees constructive and destructive interference in the 

interferometer, proportional to the input signal power. Wavelength conversion with penalty free 

transmission over 60km of standard fibre has been demonstrated at I OGbits/s [5 1 ]. Cross phase 

modulation has the advantage that the converted signal can be either inverted or non-inverted. 

The scheme also has the advantage of being very power efficient (-4dBm input power 

compared with -I OdBm for gain saturation). 

3. Four Wave Mixing in a Semiconductor Amplifier 

Four wave mixing is a third order non-linear effect which arises when more than one 

optical frequency is present in a medium. For two input frequencies the result is a product of 

the interacting fields which generates beat frequencies at the sum and difference of the input 

frequencies. If data is superimposed on one of the input wavelengths then it is automatically 

(converted' onto both beat wavelengths. Four Wave Mixing has the advantage that both phase 

and amplitude information is converted and thus is the only method of wavelength conversion 
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that is strictly independent of data coding format. An 18Gbit/s signal has been converted with a 
15nm tuning range using this technique [52]. However, the process is very inefficient and thus 
large input powers are required. 

Although there are many methods reported for achieving wavelength conversion, the 

component count required for each converter can be considerable. Thus given the number of 
wavelength converters required in a Passive Wavelength Routed space switch, it is still unclear 
whether or not wavelength routing will be used in WDM network nodes. In Chapter 7a single 
monolithically integrated device will be presented that incorporates many of the aspects 

required for wavelength routing. A lx4 wavelength routing function will be demonstrated at 
2.488Gbits/s, together with other functions required for PWR such as multiple wavelength 

conversion and WDM multiplexing. 

1.5 Scope of this Thesis 

In conclusion, a brief introduction to the next generation of optical routing networks 
has been discussed. It has been shown that there is a clear role for the optical crosspoint switch 

operating at 1.55ýtm. In order for these switches to operate efficiently it is desirable to 

monolithically integrate the crosspoint into microchip form. This not only decreases the cost of 

the component but also increases reliability. Chapter 2 will discuss the methods used to 

monolithically integrate high order crosspoint switches. A review of current crosspoint design 

will be given, highlighting the problems associated with monolithic engineering. Building on 

the disadvantages of current designs two new architectures will be proposed which are 

discussed in Chapters 3,4,5 and 6. Passive Wavelength Routing has also been highlighted as a 

possible method for achieving the crosspoint logic. This is demonstrated with a multi- 

wavelength laser in Chapter 7. 
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Chapter 2 

2.1 Optical Crosspoint Switches 

C hapter one has discussed the reasons why optical cross-connects, or crosspoints are 

required in the next generation of telecommunication networks. This chapter will show 

that the InGaAsPlInGaAslInP material system currently posses many of the attributes required 

for high performance optical crosspoint switch development. To date very few high order 

monolithically integrated InP crosspoints have been fabricated, and never before above 4x4. 

This chapter discusses how W cross-connects or larger can be realised and integrated onto 

InP semiconductor substrates. The existing methods used to design optical crosspoints and the 

disadvantages of currently developed devices will be discussed This will allow an 

understanding of the drawbacks of these devices, hence three new architectures will be 

proposed, which willform thefocus of the proceedingfive chapters of work. 

2-1 



Chapter 2 
.- Optical Crosspoint Switches 

2.2 Crosspoint Switch Design 
2.2.1 The ideal Crosspoint Switch 

An NxN crosspoint switch is used to shuffle opt ical data between N optical fibres. It 

usually consists of N optical fibre inputs followed by a complex serious of switches that allow 
optical connections to be made to the N outputs. The 'ideal' crosspoint would sit completely 
transparent in a communications network and would not be affected by input polarisation or 
incur loss or crosstalk. Simple driving electronics would also be preferred and it also must be 

capable of routing gigabits of optical data per second. 

2 2.2 Material System 

:JI: 
Figure 2.1 Schematic diagram of an Opto-Electronic Crosspoint Switch 

The material system used to fabricated the crosspoint switch is the first step to 

achieving the 'ideal' cross-connect. At first sight the simplest method of achieving the 

crosspoint logic could be achieved electronically as shown schematically in figure 2.1. The 

inputs consist of photodiodes which trigger logic circuits to remodulate laser sources on each 

output. Indeed, this method is currently adopted in many systems such as Local Area Networks 

(LAN). However, in future telecommunication systems where very high optical data rates are 

used, opto-electronic crosspoints have severe disadvantages since they introduce an 'electronic 

bottle neck' to the network. The optical output is also fixed with wavelength and coding 

format, limiting the possible upgrading to more elaborate coding schemes. 

Over the last decade this limitation has lead to the development of many optical cross- 

connects. This allows the optical data to be routed to each output via a series of optical 

waveguides and digital optical switches. In these devices the output is a direct copy of the 

optical input and is not limited by the optical wavelength, bit rate nor polarisation. In order to 

reduce the component count, increase reliability and hence reduce the device cost it is essential 

that the devices are integrated monolithically. This has been achieved in four distinct material 

systems, namely Lithium Niobate; Polymer; Gallium Arsenide and Indium Phosphide. A 
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summary of the perforinance of these devices will be given later, in section 2.3.4. However, for 

now, it should be noted that InGaAsP/InGaAs/InP is the only material system capable of 
introducing optical gain to a crosspoint switch operating at 1.55ýtm. Lithium Niobate, Polymer 

and Gallium Arsenide all introduce a significant optical loss (-IOdB) at this wavelength, 
especially as the device order, N, is increased. For this reason alone Indium Phosphide is 

currently considered to be the material most suited to crosspoint switch development at 
1.5 5 ýtm. 

2.2.3 Broadcast and Point to Point Architectures 

Inputs Switches Outputs 

Figure 2.2 Schematic diagram of a Broadcast 4x4 Crosspoint Switch (Clos) 

The method of routing and switching each input to each output, or architecture used, is 

the second step to achieving the 'ideal' cross-connect. The architecture can be crucial to final 

device performance, of which there are two main categories, termed Broadcast Network and 

Point to Point Network. Each type performs the crosspoint logic in a slightly different way with 

a marked difference in performance. For example, one such 4x4 broadcast architecture is 

drawn schematically in figure 2.2. The inputs are first split four ways, turned on or off by 

digital optical switches, and then routed to each consecutive output. Thus every input can be 

broadcast to every output. Broadcast networks tend to have high losses since there is an 

inherent 10loglo dB loss when splitting the inputs N ways. Also if the device is to perform 

single moded there is a further 10loglo dB loss by combining N incoherent beams to the 

single moded output waveguide. By reducing the switch functionality and allowing an input to 

be routed to a single output only, the loss can be reduced to 101ogjo dB and a so called point 

to point architecture is realised, an example of which is shown in figure 2.3. 

2-3 



Chapter 2 .- Optical Crosspoint Switches 

Figure 2.3 Schematic diagram of a Point to Point 4x4 Crosspoint Switch (Classic Crossbar) C) 

It may first appear that this may be the only two ways to perform the crosspoint logic. 

However, surprisingly, there are a multitude of other Broadcast and Point to Point architectures 

that can accomplish the same functions. All these architectures have been developed over the 

last few decades, primarily for the electrical domain. They could all be fabricated optically, 
however most encounter difficulties when extended to large switch dimensions N. For example, 

the broadcast architecture drawn schematically in figure 2.2 tends to suffer from a large number 

of optical crossings, especially when applied to a large device orders (N2-N dependence). This 

is not much of a problem if the switch is constructed from modular optical components and a 

network of fibre optic cable [1,2]. However when attempting to monolithically integrate the 

device onto a semiconductor substrate optical waveguide crossings can increase the device loss 

and crosstalk so generally they should be avoided. Thus, this particular architecture is 

unsuitable for high order cross-connects unless the crossing loss can be reduced to an 

expectable level. However, before concentrating on the problems involved with monolithic 

integration, an introduction to various other types of crosspoint architecture will be given in the 

next section. 
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2. Z4 Multilevel Crosspoint Architectures 

4x4 

2x2 2x2 2x2 2x2 2x2 

2x2 2x2 2x2 2x2 2x2 

2x2 2x2 2x2 2x2 2x2 

2x2 2x2 2x2 2x2 2x2 

4x4 

Figure 2.4 Schematic diagram of the Benes Multi-level Architecture. 

Both the classic crossbar and single stage Clos structures introduced in figures '-. -I and 
2.3 fall into the category of a single level architectures. That is the crosspoint only ever 

switches the optical input once. It may first appear that this is the only conceivable way to 

realise a cross-connect and therefore the minimum number of digital optical switches required 
is N2. However, the number of digital switches can be reduced by using architectures that have 

several levels of switching. The Benes architecture drawn schematically in figure 2.4 is one 

such example of the so called multi-level architecture. An W version is shown here but may 
be extended to any number of inputs or outputs. The switch consists of 2log2N-1 levels of lower 

order 2x2 crosspoints and requires a total number of 2NIog2N-2N digital switches [3]. Indeed, 

the dashed boxes represent a 4x4 Benes network, and it may be shown that an NxN crosspoint 

may be constructed from any number of smaller order cross-connects. However, although the 

number of switches has been reduced, this has been done at the expense of increased control 

complexity. That is multiple switches have to be set simultaneously to achieve a single 

input/output path. However, not only has the device control increased but its functionality has 

also been reduced. The Benes architecture falls into the category of a rearrangeably non 

blocking switch, one of four further categories that fall under the broadcast and point to point 

cross-connects which have been discussed earlier (figure 2.5). These categories are discussed as 

follows 

Figure 2.5 Hierarchical Structure of Crosspoint Architectures. 
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Blocking - An architecture is blocking if some input/output permutations cannot be realised. 
Rearrangeable nonblocking - All input to output permutations are possible, but if at some point 

a new connection is required there may be conflict with existing connections. In this case all 

the connections will have to be torn down and rearranged in order for the new connection to be 

made. 

Non-Blocking in the wide Sense - Here an algorithm exists which guarantees that there "vill be 

no conflict with any future connection without having to rearrange existing connections. 
A network is Strictly Non-Blocking if an input can always be made to an output without the use 

of an algorithm. 

Thus by reducing the number of switching elements and hence possibly switch size, the Benes 

architecture requires considerable computational control in order to maintain its full operating 

potential. It should also be noted that the more computational time require to set up an 

architecture the slower the overall switching speed. 

Generally speaking the above categories have been labelled in order of complexity and 

number of optical switches required. Blocking architectures are the simplest type of cross- 

connect,, they have relatively little complexity since they are not capable of routing every input 

to every output. However, a strictly non-blocking architecture (as drawn schematically in 

figures 2.2 and 2.3) requires substantially more routing and switching potential (and therefore 

larger device size) in order to achieve the greater operation flexibility. 

There are many types of multilevel architectures that may be found in the literature; 

Banyan, Omega, Shuffle, Double Crossbar, N-stage Planar to name but a few. A complete 

description of each is not given here as each architecture is well documented and may be found 

in the literature [4-8]. From the viewpoint of monolithic integration, the advantages of using 

multi-level architectures in InP crosspoint design are a matter for discussion. It may be 

observed from the Benes architecture (figure 2.4), that the interconnections between each 

crosspoint are as complicated as a single level architecture (figure 2.2), which does not require 

the same computational control. The same may be said of the many other types of multi-level 

architecture. Thus, in this thesis the discussion will be focused on fabricating the largest single 

stage strictly non-blocking InP crosspoint currently possible (of the order of W), which may 

then be packaged and used in a multi-level architecture (such as the Benes) to create very much 

larger cross-connects. 
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2.3 Monolithic Integration of Crosspoint Switches 

Many different cross-connect architectures have been introduced in the previous 
section. However all these architectures must achieve three basic functions in order to achieve 
the crosspoint logic. They must all provide 
1. a split (and combine), 

2. a switch, and finally 

3. a shuffle of each input to each output. 
The methods used to monolithically achieve these three basic functions are discussed in the 

proceeding sections, after which a summary of the many cross-connect devices fabricated to 
date will be given. 

23.1 The Optical Coupler 

Rounding causes 
increased excess loss 

Y-Branch Coupler Directional Coupler 

Figure 2.6 Methods of achieving optical splitting in Integrated Optics. 

MMI Coupler 

There are several methods for achieving optical splitting in integrated optics. This can 

be accomplished by several integrated optical components namely the directional coupler [9], 

Y-branch coupler [10-13], star coupler [14-17] and the Multi-Mode Interference (MMI) 

coupler [18-21] as shown in figure 2.6. The principle of optical splitting of each design are 

discussed as follows 

1. Y-Branch Coupler. The branching of a single waveguide into two with a waveguide S-bend 

can achieve 50/50 power splitting between the output waveguides. However, the component 

is not suitable for large numbers of outputs (since the multiple stages required make the 

coupler very long). Also there are fabrication problems at the branch, since the resolution of 

the photo I ithograph ic process causes rounding at the junction. This increases the excess 

loss. 

2. Directional Coupler. This method of splitting relies on the evanescent tails of optIcal modes 

which cause power to be coupled into a neighbouring waveguide (as discussed in chapter 4). 

The splitting ratio maybe controlled by adjusting the length of the coupling region and/or 
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the separation of the waveguides. The wavelength bandwidth of the coupler tends to be 

small since 50/50 coupling is only optimised at one wavelength. As with the Y-Branch, the 
directional coupler is not suitable to large number of outputs, since multiple couplers are 

required 

3. Star Coupler. Light diverging from an input waveguide may be coupled into a number of 

output waveguides. The coupler is very well suited to large number of output waveguides 

and has a large wavelength bandwidth. However, owing to the gaussian power distribution 

across the output guides there is a compromise required between excess loss and power 

splitting uniformity. 

4. Multimode Interference Coupler (MMI). Light injected into a multimode waveguide, excites 

multiple modes, which propagate down the guide with different effective indices. Owing to 

the approximately quadratic relationship between mode number and effective index, this 

causes multiple 'images' of the input to be formed at discrete positions down the guide. By 

calculating the exact waveguide length required to obtained multiple images a MMI coupler 

can be fabricated (this procedure is discussed in more detail in chapter 4). 

2.3.2 The Optical Switch 

Phase Shift Refractive 
Index Change 

Mach Zehnder Directional Coupler 

Figure 2.7 Mach Zehnder Interferometer and Electro-Optic Directional Coupler 

After each input has been split in a crosspoint architecture, it is generally switched 

before being routed to each output. In the polymer and Lithium Niobate material systems 

switching is usually achieved using the Mach Zelmder Interferometer or Directional coupler 

switch [22,23]. Both components rely on the refractive index change of the material with either 

an applied electric field (electro-optic) or temperature (thermo-optic). These are discussed as 

follows 

1. Mach Zehnder Interferometer [44-46]. A phase change of pi introduced in one an-n of the 

switch (by a change in refractive index) causes constructive or destructive interference at the 

output. 

2. Directional Coupler [62-68]. A refractive index change in the coupling region between the 

two parallel running waveguides can cause power to be coupled between the two Output 

waveguides. 
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Both these methods of switching can also be achieved in the Gallium Arsenide and 
Indium Phosphide material systems. However, it is found that more compact switching may be 

achieved by two other types of switch which are discussed as follows. 

Firstly, many Indium Phosphide based cross-connects use the Semiconductor Optical 
Amplifier (SOA) as the primary switching mechanism in the architecture [48,51-54,56,59]. 
Unbiased, an input signal injected into the SOA is absorbed ('off state), while providing 
around 25dB of gain when electrically pumped ('on' state). Thus the SOA not only provides a 
switching mechanism, it also compensates for any component losses in the architecture. 

E=O 

Conduction 
........... Band 2 

------ --------- 
Bandgap 

Valance 
Band 

E>O 

------------ ( CU 
Increase in 
Reverse Bias 

.. Ip Modulator 

Wavelength 

Figure 2.8 The Quantum Confined Stark Effect (after [301). 

Secondly, the change of material absorption with applied electric field may be used in a 

semiconductor using a component termed the Electro-Absorption (EA) Modulator. The 

principle of operation of the EA modulator is well documented [24], of which there are two 

kinds which rely on the Franz Keldish, [25], and Quantum Confined Stark Effect (QCSE) [26- 

28]. However the effect is far superior in the latter (up to 50 times in magnitude, but not in 

bandwidth), as such this discussion will be limited to QCSE. 

It is well documented that the effective bandgap of a quantum well may be deduced 

from the laws of quantum mechanics [29]. In a quantum well an electron and hole's position is 

confined, therefore the Heisenburg Uncertainty principle requires that the particle has a non 

zero momentum uncertainty. This translates to a zero point energy, which displaces the ground 

state energy of the particle, as shown schematically in figure 2.8. Thus the effective bandgap of 

the material is dependent on the well width and depth of the well. At zero bias, the absorption 

in the neighbourhood of the bandgap of a quantum well is shown schematically in figure 2.8 

[30]. As an electric field is applied perpendicular to the well, the potential that the electrons and 

holes see is skewed (figure 2.8). The primary effect is to modify the zero-point energy of the 

particles, and hence the bandgap energy. Thus the absorption edge of the well is shifted 

towards higher wavelength. The effect can be strengthened by increasing the numbers of wells 

by forming Multi-Quantum Well (MQW) layers. 
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2.3.3 The Shuffling of inputs to outputs 

Finally, one of the key issues for monolithic integration is the shuffling size of the final 
device. The shuffling size of a monolithically integrated crosspoint is determined by the two 
factors so far discussed in this chapter, material system and architecture used. A review of 
current crosspoint technology later in this chapter will show that the material system and 
architecture are inextricably linked. It is found that multilevel architectures are suited for the 

polymer/Lithium Niobate material systems, where as single stage architectures are preferred for 

Indium Phosphide. This may be explained as follows. 

In general polymer devices require most importantly ultra low loss. There is no 

satisfactory mechanism to date for pumping plastics to achieve optical gain (the so called 
4plastic laser') and as such all the components in the switch have to optimised carefully to 

reduce loss to a minimum. In order to switch, the refractive index of the polymer is generally 

modulated using the electro-optic or thermo-optic effect in Mach-Zehnder switches, as 
discussed previously. So far only polymers which exhibit a very low refractive index change 
have been found of around IXIO-4 K- 1, and this leads to long digital switch sizes often of a few 

centimetres [43]. However with polymers this is not a problem since the substrate is cheap and 

available in large quantities. The same statement may be said of Lithium Niobate. 

With Indium Phosphide, however, the situation is somewhat different. The most 

important issue is that of device size. The cost of InP substrates is currently many orders of 

magnitude above that of silicon. Thus the number of devices per wafer must be maximised in 

order to reduce device cost. The problem is exacerbated in terms of device yield. Large areas 

are more prone to dust contamination between photolithography processing steps, resulting in 

an even lower number of devices per wafer. On the other hand passive InP waveguides can be 

monolithically integrated with optical amplifiers, this has been done using a variety of different 

techniques such as disordering [3 1 ], bandgap selective growth [32], and selective area regrowth 

[33]. Indeed, many crosspoint switches have already been fabricated this way, this will be 

discussed in more detail a little later. Thus ultra low loss components are not as essential, since 

(on the chip' amplifiers can compensate for any lossy components. For example, waveguide 

mirrors [34-36] which exhibit moderate losses of approximately ldB can be considered, since 

these components drastically reduce the device size and hence increase device yield and reduce 

costs. 

Thus,, by considering the material system two major device issues during shuffling 

have been highlighted, that of size and loss. However, there is one other very important factor 

which ties in very closely to both device size and loss, only mentioned very briefly so far, that 

is the number of waveguide crossings in an architecture. 
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Stro 

Figure 2.9 Loss and Crosstalk introduced by a waveguide crossing 

The key element to any crosspoint architecture is the shuffling of waveguides to each 

output. In general, as the device order increases the number of waveguide crossings increases 

dramatically. Large numbers of waveguide crossings can introduce both loss and crosstalk to a 

device, this will be examined rigorously in chapter 4. However, for now, a brief understanding 

of this phenomenon can obtained by considering the classical ray picture of light propagating 

down an optical waveguide, as shown schematically in figure 2.3. Two single moded 

waveguide crossings are shown with different refractive index steps, An. One is weakly guided 

(An small of the order of 0.00 1 -0.0 1), and the other strongly guided (An large approximately I- 

2). The rays propagate down each guide by Total Internal Reflection, at a characteristic angle 

(ignoring the Goos-Haenchen shift) which is proportional to An and is given by [37] 

sin-' 
(27rm 

A 
AX 

(2.1) 

For the weak guide, as some rays traverse the crossing they are no longer guided and 

are radiated contributing to a crossing loss. A strong guide loses an even greater number of rays 

due to the higher reflection angle (hence more loss). However, more importantly, depending on 

the crossing angle some rays can fall within the numerical aperture of the crossing guide, thus 

contributing to a crosstalk penalty. 
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Figure2.10 A Typical 4x4 Monolithically Integrated Crosspoint (after[74]) 

Lower crossing angles leading to higher crosstalk values for both strong and weakly guided 

waveguides. Thus it is desirable not only to choose architectures which minimise waveguide 

crossings - to reduce loss, but architectures which maximise crossing angle as well as using 

weakly guided waveguides. However it should also be noted that weak guides immediately 
imply large devices. In general it will be shown that, to date crosspoint design has used tile S- 

Bend waveguide in order to shuffle each input to each output. An example of such a device is 

shown schematically in figure 2.10. However, low index guides cannot 'reflect' light around 

abrupt changes in direction, since the critical angle is too low. Thus large radii of curvature 

waveguides are required in the bends (often up to tens of millimetres) to provide low loss 

shuffling of the mode to each output. This increases device size, which is acceptable in material 

systems such as Lithium Niobate, but unacceptable on InP since the substrate is so expensive. 

This contradiction between device size and waveguide crossings is illustrated schematically in 

figure 2.11. Thus a method must be found for InP to make low crosstalk/loss crossings (or 

avoid them all together) while maintaining compact device sizes. 

Compact 

Eargeýl CIncrease 

Crossings 

Large Radius of 

Dýeak 
Guiding Required to Curvature Required 

Decrease Crossing Loss 

Figure 2.11 Contradiction between Device Size and Loss 
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Two methods are proposed in this thesis to achieve this. The first method uses the 
concept of Two Dimensional Integrated Optics, whereby waveguide crossings can be 

eliminated all together (Section 2.4). Secondly, a conventional waveguide crosspoint switch is 

proposed which uses Total Internal (TIR) Mirrors in order to achieve compact shuffling 
(Section 2.5). This method is by no means new, however it will be shown that compact 
shuffling is not the only requirement for compact crosspoint switch design. 

A summary of the optical crosspoints which have already been realised will now be 

given in the next section in order to complete an overview of current optical crosspoint 
technology. 

2.3.4 Crosspoints Fabricated to date 

There are numerous papers on optical crosspoint switches reported in the literature 

ranging from simple 2x2 designs up to very large matrices of even 32x32 [89]. Firstly a brief 

introduction of the simplest crosspoint, a 2x2, will be given, as these devices form the platform 

off which any order crosspoint may be realised. 

The design of the basic 2x2 switch stems back to the mid eighties with over twenty 

different designs published in a variety of material systems. Table 2.1 summarises the 2x2 

crosspoint switches published in the literature to date. The essential attributes of each device 

has been noted in the 13 categories, from date of publication to more technical specifications 

such as operating wavelength, device loss (or gain), device crosstalk and device size. It may be 

noted that there are four distinct material systems which have been so far reported, Gallium 

Arsenide (GaAs), Lithium Niobate (LiN03), Polymer and Indium Phosphide (InP). 
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Ref Year Authors Material 
System 

Size 
(mm) 

Switch x 
(nm) 

Optical 
Gain 

Drive Speed Shuffle Coupler Architecture Crossta 

[38] 1987 NEC GaAs/AlGaAs 3xI. 2 QCSE 860 -24dB 10V 3.6Ghz TTR M TIR M Broadcast 20dB; 
[391 1988 Wuthrich GaAs/AlGaAs - MZ 1150 7.5V D Blocking 20dB; 

[401 1994 OKI LiNbO, 18 e-DC 1300 40V SB YB Blocking 25dB; 
[411 1996 N717 LiNb03 75x6O e-MZI 1550 -4dB 1700V <100ns SB D Blocking 
[421 1991 BT LiNbO, - e-DC 1300 -5.7dB, 30V S13 D Point to Point 17dB 
[431 1993 NTT Polymer 30 t-MzI 1300 -0.6dB; 4.8mW 9ms S13 D Blocking 

44,45 1996 N. Keil Polymer 25 t-MzI 1500 -4.5dB 50mW Ins SB YB; Point to Point 25dB; 
46,47 1996 S. G. Han Polymer - t-MzI 1300 30V SB YB; Blocking I 0dB 

[48] 1990 I. H. White InP/InGaAsP 0.4xO. 2 SOA 1550 OdB 300mA TIR Y YB Broadacst 20dB 
[491 1992 AT&T Inp 0.25x]. 2 SOA 1550 N/A 50mA - SB YB Point to Point l2dB 
[501 1992 Erricson InGaAsP/InP 30 SOA 1550 -20dB; IOOmA - SB YB Broadcast 40-500 
[51] 1993 G. Glastre InP/InGasAsP - DC 1550 OdB 1-6mA - SB D Blocking IMB 
[521 1993 Hitachi InP 0.8x5.8 YB 

- 
OS 1550 +4dB; I OOmA - SB YB Broadcast 40dB 

53,54 1993 BT InGaAsP-InP 1.2x]. 8 SOA 1550 -3dB; 200mA - TIR M TIR Broadcast >45dB 
[55] 1994 Nippon InGaAlAs/ 1550 -16dB 2GHz SB l5dB 
[561 1995 NEC InGaAsP/InP 5xI SOA 1550 +5dB I OOmA - SB YB Broadcast 
[57] 1995 Agrawal InGaAsP/InP - QCSE 1575 -22dB; 6V I OGHz SB mmi Blocking l5dB 

58,59 1996 CNET InGaAsP/InP 0.50 SOA 1550 +lOdB 160mA - SB YB Broadcast 
[60] 1996 J. Lethold InP/InGaAsP 9xl. 3 mzI 1550 -8dB; FF 190mA few ps SB MMI's Blocking 20dB 
[61] 1996 K. R. Oh InGaAsP/InP SOA 1550 -IdB FF 80mA SB YB Broadcast 42dB, 

QCSE - Quantum Confined Stark Effect SB -S Bend Waveguide 
t-MZI - Temperature Controlled Mach Zehnder TIR - Total Internal Reflecting Mirror 
e-MZI - Electro-Optic Mach Zelinder Interferometer M- Mirror 
e-DC - Electro-Optic Directional Coupler FF - Fibre to Fibre Loss 
YPOS - Electro-Optic Y-Branch Optical Switch YB -Y Branch Coupler 
D- Directional Coupler MMI- Multi Mode Interference Coupler 

Table 2.1 2x2 Monolithically Integrated Crosspoint Switches Fabricated to date (111198) 

Many conclusions may be deduced from table 2. L Firstly there has been considerable 

interest in InP 2x2 devices over the last decade. This is because InP has the potential of 

introducing optical gain to the switched signal by using the Semiconductor Amplifier (SOA) 

gate switch. This method of switching has already been discussed earlier on in this chapter, 

however it may be observed that many lossless broadcast crosspoints have been fabricated. The 

SOA gate is also responsible for the lowest crosstalk figures, owing to its extremely high 

extinction ratio on switching. 

Secondly, most devices use S-Bend waveguides and Y-Branches in order to shuffle 

each input to each output. This is because both the S-Bend and Y-branch can be patterned in 

one photolithographic processing step, which makes device fabrication very simple. However, 

even in a low order 2x2 switch the use of Y-Branches and S-Bends produce the largest device 

sizes. It may be noted that devices which use Total Internal Reflection (TIR) mirrors in order to 

split and shuffle each input to each output exhibit much smaller dimensions. However, TIR 

devices require substantially more processing as will become apparent in section 2.5 of this 

chapter. 

2-14 



Chapter 2: Optical Crosspoint Switches 

Ref Year Authors Material 
System 

Size 
(mm) 

Switch x 
(nm) 

Optical 
Gain 

Drive Shuffle Coupler Architecture P01. Xtalk 

[62] 1986 NEC Ti: LiNbO3 e-DC 1300 -5.2dB IFF 13V SBend(SB) D Crossbar(M) >35dB 
[631 1988 Erricsson Ti: LiNbO, 49xI2 e-DC 1300 -8.4dB 50V SBend(SB) D Tree(M) Ind. >35dB 
(641 1988 NEC Ti: LiNbO3 65 e-DC 1300 -6dB 30V SB (10mm) D Simp. Tree(M) <0. I dB 15dB 
[651 1990 Erricsson Ti: LiNbO, ME 1300 -9.2dB 60V SB (53mm) YB Tree(M) Dep. I OdB 
1661 1992 NTT S'02/1nP 5x4O SOA 1550 -32dB 80mA S-Bend(SB) YB Broadcast (S) l5dI3 
[67] 1994 N. Keil Polymer 200.2 t-MZ1 1550 -1 OdB IFF 70mW S Bend (SB) D Blocking(M) <0.5dB 
[681 1995 N. Keil Polymer 45x2 t-MZI 1550 -9dB IFF 31mW S-Bend(SB) D Benes (M) <0.5dB I 7.5dB 

)9,70 1991 NEC GaAs/AlGaAs 15XI e-DC 1300 -10.8dB 22V SB(4mm) D Simp. Tree(M) 30dB 
[711 1992 Mc-Don-Doug- GaAs 20 SOA 850 -4dB FF TIR Mirror TfR Broadcast (S) 30dB 
[721 1997 NTr GaAs/InGaAs lxl. 2 SOA 980 OdB 16mA TIR YB YB Benes(M) >20dB 

13,74 1992 Erricsson InGaAs/InP 70 SOA 1550 -2dB FIT 50mA SB(Imm) YB Broadcast (S) Ind. 40d B 
[751 1993 NTr InGaAlAs 9xO. 4 QCSE 1550 -1 8dB 6V SB(4rnrn) D Benes (M) 17dB 
[76] 1994 Hitachi fnGa. AsP/lnP l2x2 YB-SOA 1550 +4dB 50mA S Bend y Crossbar (M) 54dB 
[77] 1995 Nippon InGaAsAs e-DC 1550 -2ldB FF lov 13dB 

)CSE - Quantum Confined Stark Effect SB -S Bend Waveguide (Radius of Curvature in Brackets) 

. MZI - Temperature Controlled Mach Zehnder TIR - Total Internal Reflecting Mirror 

-MZl - Electro-Optic Mach Zehnder Interferometer D- Directional Coupler 

-DC - Electro-Optic Directional Coupler YB -Y Branch Coupler 
IE. Mode Evolution Digital optical Switch. M- multi-level Architecture S- Single Stage Architecture 

Table 2.2 4x4 Monolithically Integrated Crosspoint Switches Fabricated to date (111198) 

Moving on to N=4, table 2.2 summarises the monolithically integrated 4x4 crosspoints 

so far reported. Again, the majority of devices use Y-Branches and S-bends in order to realise 

the crosspoint logic. Total Internal reflection has been used extremely effectively in GaAs in 

order to fabricate extremely small 4x4 crosspoints, especially [71,72], however TIR has not yet 

been used in InP. Semiconductor optical amplifiers have been used again to good effect in 

order to fabricate lossless devices with extremely low crosstalk. The smallest lossless 4x4 InP 

crosspoint (broadcast) so far fabricated to date is highlighted for comparison with the 

architectures proposed later in this chapter. The device has already been briefly introduced in 

figure 2.10. 

Finally, in order to complete the introduction to crosspoint switch design, table 2.3 

summarises the monolithically integrated crosspoints switches of order greater than 8. It may 

be observed that no device has yet been fabricated in InP. All the designs use multilevel 

architectures in order to achieve switching. Essentially, these devices are natural extensions of 

2x2 switches demonstrated in table 2.1, which have been used in multi-level architectures in 

order to increase the device order. So far this has only been monolithically demonstrated on 

Lithium Niobate since out of all the material systems it is the most mature, and the low cost of 

the substrate allows such integration. It may be observed that this method of integration yields 

extremely large monolithic devices of the order of centimetres, which is wholly unsuitable for 

InP. All the devices use the refractive index change of the material in order to generate optical 

switching. To date, no device has been fabricated which introduces optical gain to the signal, 

thus all the devices perform with point to point operation, and incur a significant loss compared 

with the input signal. 
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Ref Year Authors Material Size Switch X Loss Drive 
System (mm) (nm) 

M 
[78] 1992 NEC GaAs/AlGaAs 270 e-DC 1300 8.7dB 25V SB(4mm) DC Simplified Tree 23dB 

[79,801 1994 NTT Si02 
- Ti02 52x53 T-MZI 1300 3.8dB 26mW SB(5mm) DC Crossbar 

-1 _5 dB 
[811 1986 Ericsson Ti: LiNb03 2x64 e-DC 1300 7dB; 24.6V SB(30mm) DC Crossbar 18.6dB 
182] 1988 Plessey Ti: LiNbO, 0.5x66 e-DC 1300 5.5dB 26V SB(40mm) DC Rearrangable 20dB 
[83] 1989 OKI Ti: LiNb03 7x6l e-DC 1300 20dB; liv SB(40mm) DC Simplified Tree IMB 
[841 1990 NEC Ti: LiNbO3 6x65 e-DC 1300 l2dB 85V SB(40mm) DC Simplified Tree 18. -dB 
[85] 1990 AT&T Ti: LiNbO3 8x66 e-DC 1300 - 9.2V S-Bend(SB) DC Dilated Benes 30dB 
[86] 1992 Karroy Ti: LiNbOj 1007 SAW 633 l7dB; 125mW Free Space N/A Sym. Nonblock l2dB 
[87] 1994 Ericsson Ti: LiNbO 15x8O MEE 1550 l5dB 105V S Bend (SB) YB Tree I OdB 

16x16 
[881 1991 GEC Ti: LiNbO, 7x66 e-DC 1300 - 60V SB(37mm) DC Benes 20dB 

3202 
[891 1994 OKI Ti: LiNb03 e-DC 1300 1 IdB 24V SB(40mm) DC Banyan l8dB 

e-DC - Electro-optic Directional Coupler switch SB - S-Bend Waveguide 
ME. Mode Evolution Digital optical Switch. DC - Directional Coupler 
T-MZI - Temperature Mach Zehnder Interferometer. TIR - Total Internal Reflection 
SAW- Acousto Optic Switch YB -Y Branch 

Table 2.3 W, 16x16,32x32 Monolithically Integrated Crosspoint Switches Fabricated to 
date (111198) 

2.3.5 Summary 

Thus it has been shown that, to date, very few high order monolithically integrated InP 

crosspoints have been fabricated, and never before above 4x4. An introduction to the various 

methods of crosspoint switch design has been given, and the problems associated with the 

monolithic integration has also been discussed. The proceeding sections will now introduce 

three new crosspoint designs which are proposed in this thesis, which will potentially allow W 

lossless cross-connects to fabricated on InP substrates. Namely, the two dimensional integrated 

optical crosspoint switch, the conventional waveguide crosspoint and the demonstration of a 

I x4 passive wavelength router using a multi-wavelength laser. 

2-16 



Chapter 2 .- Optical Crosspoint Switches 

2.4 Two Dimensional Integrated Optical Crosspoint Switches 

Input I Parabolic Collimating 
Mirrors 

Input 2 

Parabolic Focussing. *'7 
Mirrors 

Input 3 

Input 4ý-- -IT--71- 

Truncating Mirrors 

I' 

I' 

Optical 
Switc 

Output I Output 2 Output 3 Output 4 

Figure 2.12 4x4 2DIO Crosspoint Architecture (Plan View) 

It has been shown that the main problem associated with InP crosspoint design is the 

compromise required between device size and number of waveguide crossings and therefore 

crosstalk and loss (illustrated in figure 2.11). The last section has shown to date that (apart from 

one novel acousto-optic switch [86]) all integrated crosspoint development has concentrated on 

an integrated waveguide approach. Therefore waveguide crossings cannot be avoided in order 

to shuffle each input to each output. Thus it has been advantageous to use networking 

architectures which minimise the number of waveguide crossings. However, in Chapter 3a 

entirely new concept in crosspoint switch design will be discussed. By designing a 

monolithically integrated space switch which does not use waveguides during the shuffling of 

inputs to outputs, the need for waveguide crossings is eliminated. This has been proposed by 

using Two Dimensional integrated Optics (2DIO), whereby light propagates in a slab 

waveguide with no lateral waveguiding [90], as shown schematically in figure 2.12. 

Light enters the device through input waveguides where it is injected into the 2DIO 

slab waveguide, and is free diverge laterally until it is collimated by parabolic mirrors. The 

collimated light then enters a matrix of N2 truncating mirrors, which simultaneously split and 

shuffle each input to every output. The architecture used is an extension of the single stage Clos 

drawn schematically in figure 2.2 and the device therefore operates as a broadcast network. The 

light then passes through banks of amplifier switches, which allow the inputs to be switched to 

each output while providing gain to compensate for the intrinsic device loss. Each switched 

input is then focused down to the output waveguides via N parabolic output mirrors, which may 

be thought of as a novel type of 2DIO mirrored star coupler. 
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The 2DIO crosspoint has many advantages over current crosspoint devices. Since the 

crossing of optical paths is acceptable, an architecture can be used which can reduce the switch 

size by maximising the number of crossings. Also, only three mirrors per path are required 

regardless of the device order, N. Thus the 2DIO crosspoint has the potential for low loss and 

scalability. In comparison, the conventional optical waveguide device may have a multitude of 

couplers, Total Internal Reflecting (TIR) mirrors or waveguide bends through one optical path. 
Chapter 3 will discuss the role of 2DIO in monolithically integrated crosspoint design. 

It will be shown that a 4x4 2DIO crosspoint switch operating in the 1.55Vtm communications 
2 

window on InP, is predicted to exhibit less than -40dB crosstalk and is less than 2x2mm . if 

fabricated this would be the smallest InP 4x4 crosspoint switch built to date. 

2.5 A Conventional Waveguide Crosspoint Architecture 

Shallow Etch Waveguide 
MMI Design Design 
NM Width Waveguide width 
NM Length Etch Depth Deep Etch Waveguide 

M-cian 

Figure2.13 Schematic diagram of the proposed 4x4 InP Crosspoint switch Architecture 

In this section a conventional waveguide crosspoint switch which is drawn 

schematically in figure 2.13 is presented. This section will discuss the motivation behind the 

architecture, by comparing it with the current methods of crosspoint design. It will be shown 

that the device makes many advances in crosspoint switch technology on InP. 

As with the previous 2DIO design, the waveguide crosspoint architecture drawn in 

figure 2.13 is an extension of the single stage Clos drawn schematically in figure 2.2. The 

crosspoint therefore forms a broadcast architecture which is capable of routing every input to 
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every output. Traditionally broadcast architectures are very large. However, here this device 

maintains the high level broadcast functionality, while being extremely compact. Indeed the 
design drawn above measures only lx2mm on a mask plate, which is an order of magnitude 
smaller in area, than a smallest InP 4x4 constructed to date [74] (3x7mm). This has been 

achieved by the use of TIR mirrors, Electro-Absorption Modulators and a combination of 
strong and weak waveguiding, which are discussed as follows. 

2.5.1 Total Internal Reflecting Mirrors 

) Etched Mirror 

Shallow etched Wavi 

Figure 2.14 Total Internal Reflecting (TIR) Mirror 

In order to shuffle each input to each output, traditionally both waveguide bends and 

waveguide crossings are normally required. Unfortunately, bends and large numbers of 

crossings are incompatible since crossings require very weak guiding for low loss and bends 

require strong guiding for compact size. 

TIR (Total Internal Reflecting) mirrors (figure 2.14) have been used in several 2x2 

crosspoint designs [48,54,71,72] in order overcome this contention. TIR mirrors are compatible 

with weakly guided waveguides and can take up substantially less wafer area than an S-Bend 

waveguide. However, from a fabrication point of view they add a whole host of extra 

processing steps and thus make the device more complicated (this will be discussed in Chapter 

5). Also, they can be quite lossy components (approximately IdB per mirror), which currently 

Iii-nits their widespread implementation. However, it should be noted from figure 2.13, that in 

this architecture there are only ever 2 mirrors per path irrespective of N. Therefore, since the 

primary advantage of InP is the monolithic integration of Semiconductor Optical Amplifiers 

(SOAs) with the final device, the drastic reduction in size of the shuffle stage (whilst 

maintaining low loss crossings) in this case totally justifies their use. However, the use of TIR 

rnirrors is not the only reason the device has been made so compact. Surprisingly the choice of 

optical switch used in the cross-connect has a very big influence on its size. This will be 

discussed in the next section. 
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2.5.2 Semiconductor Amplifiers and Electro-Absorption Modulators 

To date integrated waveguide space switches fabricated on InP have generally used 
Semiconductor Optical Amplifiers (SOA) in order to switch light to each output [48,51- 
54,56,59]. The SOA not only provides a switching mechanism (as discussed earlier), it also 
compensates for any component losses in the architecture. From this standpoint it is a very 
attractive optical switch. Indeed, several Tossless' crosspoints have been fabricated m InP. 

and use this mechanism extremely effectively. 
However, when trying to construct high order crosspoints where device size is of the 

utmost importance, it is found that the switch separation becomes a very important factor. 
Since in this broadcast architecture N2 switches are required, it may be observed from figure 

2.13 that the approximate width, Dy, of the cross-connect is given by 

Dy _ AN2 (2.2) 

where A is the optical switch separation. Thus in order to make the device as compact as 

possible it is essential to have A as small as possible. 
In the case of the Optical Amplifier, A is limited to the thermal effects between each 

SOA on the chip. Since each amplifier will draw approximately 200mA of current CW in order 

to deliver approximately 25dB of gain [53], the thermal demands are great. It has been 

experimentally determined that the centre to centre separation of each amplifier should be no 
less than 200ýtm [91,92], in order to have a low thermal interaction. Such a high value 

generates very large device sizes. For example, it may be observed from figure 2.15, that 

equation 2.2 predicts a device width of well over 10mm for an W cross-connect. This figure is 

currently far too large for monolithic integration in the InP material system. Thus an optical 

switch which is able to operate far closer to its neighboar 'on chip' must be used to decrease 

the device size further than currently demonstrated. 

2-20 



Chapter 2 
.- Optical Crosspoint Switches 

10 

9- 

8 

7 

6 

5 

4 

3 

2 

II 

0 
2 34567 

Device Order N 

Figure 2.15 Variation of Device Width, Dy, with Switch Separation, A, predicted by equation 
2.2. 

The electroabsorption (EA) modulator is an optical switch which does not suffer from 

the thermal problems associated with the SOA. It is a reverse bias component, as such it does 

not draw current and is not prone to ohmic heating. Modulators may therefore be integrated far 

closer to each another on a wafer, which is ultimately limited by the optical rather than 

electrical interactions between them [57]. It will be shown in chapter 4, that for the device 

considered here, optical coupling between two adjacent modulators is found to be negligible 

when A=20ýtm. Thus it may be observed from figure 2.15 by implementing the EA modulator 

as the primary switching mechanism there is a saving in the device width of 10 fold. 

Device speed is also vastly improved by the use of EA modulators compared with the 

SOA. In an SOA, the switching speed is limited to the carrier lifetime (the timescale with 

which the carrier density may be modified within the semiconductor) which is of the order of a 

nanosecond for InGaAs/InGaAsP [93]. Thus the switching speed is limited to around a 

gigahertz. In the EA modulator, the response speed is limited by the parasitics of the electrical 

connections, not by any other physical effect, such as heat dissipation or carrier lifetime [30]. 

Indeed, theoretical calculations have predicted EA modulators operating with a 3dB electrical 

bandwidth of 3THz [24]. 

The size and speed advantages of the electroab sorption modulator has lead to the 

development of many crosspoint switches [38,57,75]. However, it should be noted that since 

the EA modulator works on a principle of absorption, it has a finite insertion loss. This is 

typically of the order of 3-lOdB depending on the modulator design and operating wavelength. 

Thus in order to increase device performance SOAs must also be integrated with the final 

cross-connect in order to compensate for the component losses in final device. In the device 

Semiconductor Optical Amplifier 
A=200um 

A=100um 

Electroabsorption Modulator 
A=20um - 

2-21 



Chapter 2: Optical Crosspoint Switches 

considered here (figure 2.13) it has been proposed that these amplifiers are positioned at the 
input and outputs of the device. However, the device requires the integration of passive 
waveguides, optical amplifiers together with Electro-absorption modulators, this poses some 
interesting fabrication difficulties. All three components require materials with different 
bandgap energies. This problem may be highlighted in the next section by discussing the 

physical mechanism behind each. 

Z 5.3 Monolithic Integration of EA Modulators, SOAs and Passive waveguides 
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Figure 2.16 Integration ofAmplifiers, EA Modulators and Passive waveguides. 

In order for the EA modulator to work effectively with high extinction ratio and low 

insertion loss, the operating wavelength should be typically 20-50nm above the band-edge at 

zero bias (figure 2.16). However in an SOA, on forward biasing, peak optical gain is achieved 

below the bandgap (in wavelength), which decreases with increasing carrier injection (owing to 

band filling [94]). Passive waveguides are formed when operating far above the bandgap 

(approximately 100-150nm), so there is no absorption (since the photons do not have enough 

energy to create electron-hole pairs). Thus a method must be used in order to engineer the 

material bandgap across the wafer, with three distinct values for the amplifier, modulator and 

passive waveguides. This has already been achieved by Selective Area Regrowth [95,96], 

whereby different materials are selectively grown by MOVPE on different areas of the wafer 

which correspond to the passive/amplifier/modulator regions. It is initially proposed in this 

thesis that the crosspoint is fabricated by this process, which will be discussed in more detail in 

chapters 4 and 5. 
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2.5.4 Strong and Weak Waveguiding. 
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Figure2.17 Variation of S-Bend Length as afunction of Radius of Curvature 

Finally, a further reduction in size of the space switch can achieved by examining the 

choice of optical coupler used in device design. Optical splitting can be accomplished by 

several integrated optical components discussed earlier, namely the directional coupler, Y- 

branch coupler, star coupler and the Multi-Mode Interference (MMI) coupler. However, all 

require waveguide S-Bends in order to separate the outputs before they are fed into the bank of 

electroabsorption modulators. It is found during the design of all the couplers that it is the S- 

Bend waveguide which generally makes the largest contribution the coupler size. Thus in order 

to inake each coupler as small as possible it is necessary to minimise the S-bend length. This is 

highlighted in figure 2.17, where the S-Bend length has been calculated as a function of device 

order, N, assuming an output waveguide separation of A=20ýtm. It may be observed that there 

is an expected proportional relationship between radius of curvature of the S-bend and its 

length. It may be noted that a reduction in the radius of curvature of the S-Bend from 2mm to 

100ýtm results in a component length saving by a factor of 5. Thus in order to attain the 

smallest coupler possible it is essential to use an S-Bend with the smallest radius of curvature. 

However, since low loss waveguide crossings were required in the shuffle stage of the 

device it has been necessary to design a very weak waveguide for the crosspoint. If the same 

type of guide were used in the coupler, this would result in S-Bend radii of curvature of the 

order of 2mm, in order to reduce the loss of the bend to an acceptable level (see Chapter 4). 

This would therefore result in extremely large coupler sizes. Indeed they would contribute to 

half of the total device length. Thus in order to reduce the coupler length it is iiecessarv to 
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increase the guiding strength so that the radius of curvature of the S-bend may be reduced. 
Fortunately, in this device, a second fabrication level already exists which can be used to 
increase the waveguiding in the coupler. This is required to form the TIR mirror, and is the 
deep etch which goes all the way through to the waveguide core. S-bend waveguides fabricated 

on InP, with such strong guiding have already been fabricated and have resulted with 30ýtm 

radius of curvature bends yielding negligible losses [97]. 

Thus compact S-bends can be integrated into the cross-connect with a negligible 
increase of processing, by using the deep etching required for the TIR mirror. It is found that 

this immediately determines the choice of coupler for. use in the device, since directional 

couplers, Y-Branches and star couplers are not very efficient when implemented in a strongly 

guided waveguide. This is because they all require the evanescent tails of weakly guided modes 

in order to perform with low excess losses. However, the MMI coupler is perfectly suited to 

operating with strong guiding and many have been fabricated on InP to date [98,99]. Indeed 

the coupler becomes more fabrication tolerant, polarisation insensitive and its optical 

bandwidth increases if deep etching is employed [100]. 

Deep etching of the coupler stages of the device adds other complexities to the design 

since efficient optical coupling must be achieved between the strong and weak guided 

waveguides. This is accomplished with the use of tapered mode converters, which is discussed 

in chapter 4. 

2.5.5. Summary 

Thus the motivation behind the crosspoint design drawn schematically in figure 2.13 

has been discussed. From the use of TIR mirrors to make the shuffle section as compact as 

possible, through to the choice of the e lectro- absorption modulator as the key optical switch to 

reduce the device width, and finally the choice of deep etched MMI coupler. 

The complete theoretical design of the device outlined above will be discussed in 

Chapter 4 which will be the main focus of this thesis. From the design of the weak waveguide 

to ensure low loss crossings, TIR mirror design, deep etch waveguides which are required for 

the MMIs and S-bend waveguides, through to mode converters which are required in order to 

achieve a low loss transition between the regions of strong and weak waveguiding. Following 

on from this analysis, chapter 5 will discuss the fabrication difficulties of constructing the 

crosspoint switch. Several test structures will be proposed which have been designed and 

fabricated in order to validate the theoretical predictions made in Chapter 4. Finally loss 

analysis of these test structures in chapter 6 which will enable predictions to be made on the 

final 4x4 crosspoint performance. 
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2.6 Wavelength Routing and the WDM Cross-Connect 
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Figure 2.18 Relative Loss Merits of Physical Switching and Wavelength Routing 

Up until now this discussion has been limited to achieving optical cross-connects based 

on the electronic analogue, whereby optical splitters, digital optical switches and a network of 

routing waveguides are used to form the space switch architecture. However, this has severe 

implications if the architecture is extended to very high device orders (>16xl6), since there is 

an inherent loss associated with this method of switching. For a single mode cross-connect the 

theoretical minimum loss is plotted in figure 2.18. It may be observed, that even for a moderate 

optically switched broadcast architecture of N=8, the theoretical minimum loss is 18dB. This 

loss can be compensated for by using monolithically integrated SOAs as discussed previously 

(typical gain approximately 25dB [101]). However, the cascadability of these devices with 

many amplifier stages could be a matter of some concern. Chapter I has briefly discussed 

another method for achieving space switching, using wavelength conversion and Passive 

Wavelength Routing (PWR). It may be observed from figure 2.18, that a point to point PWR 

crosspoint offers no excess losses as a function of device order, N. As such their impact on very 

high order cross-connects N>32 could be great. 
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Figure 2.19 An 8x8(WC) Point to Point Wavelength Converting architecture using an 8x8 (D Passive Wavelength Router (PWR). 

A possible 8x8(WC) version is shown schematically in figure 2.19, using this 

technique. One of the many attractions of this space switch is not only its scalability in terms of 
loss, but also in terms of fabrication. It relatively easy to fabricate high order wavelength 

routers, indeed up to 128 channels have so far been reported [102], with potential for even 

higher orders. The size of such devices is also very compact, of the order of millimetres. In 

order to route any input to any output, it is necessary to convert the input signal onto a 

wavelength that corresponds to each output of the demultiplexer. This can be achieved by the 

variety of different mechanisms already discussed in chapter 1. Thus, no complex 

interconnections are required between input and output. Instead shuffling is achieved in a 

transparent manner, according to the wavelength of the signal at each optical input to the 

router. 

Owing to the many potential advantages of this technique, chapter 7 investigates a 

method for demonstrating wavelength routing in a monolithically integrated laser. The Multi- 

Channel Grating (MGC) laser developed by BT research laboratories Martlesham. Heath, is 

used in order to demonstrate a lx4 point to point crosspoint switch. By using gain saturation 

effects, wavelength conversion and routing is achieved at 2.5Gbit/s. This is currently the fastest 

modulation rate achieved in a monolithic integrated multi-wavelength laser. 
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Space Switches 

Chapter 3 

3.1 Theoretical Design of a Novel NxN Two Dimensional Integrated 
Optical Crosspoint Switch Architecture 

A novel Two Dimensional Integrated Optical (2DIO) crosspoint switch architecture is 

proposedfor the JnGaAsPJnGaAs17nP material system, which is achieved by the use of 

novel 2DIO beam s litters. A Modal Propagation Model (MPAI) is used to optimise device size, P 

loss and crosstalk and study beam propagation in a 2DIO slab waveguide. Theoretical results 

show that a lossless 4x4 2DIO crosspoint device less than 2x2mm 2 in size is predicted to exhibit 

less than -40dB crosstalk. 
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3.2 Introduction and Motivation 

The ability to switch optical data between a number of optical fibres, N, is required in 

many WDM and ATM networking schemes. This can be performed by the strictly non- 
blocking NxN crosspoint switch [1] which will be an essential part of many future photonic 

communication systems. It is desirable to perform the switching in the optical rather than 

electrical domain in order to overcome electronic bottlenecks at high data rates. This has led to 

the development of many optical crosspoint devices [2-6]. Each use a variety of switch 

architectures (crossbar [2], tree [3,4], simplified tree [5,6]) to perform the crosspoint logic. 

However, all the architectures are similar in that they must provide at least once a split, shuffle 
& switch and combine of inputs. Thus at some point in the switching architecture there is a 

need for optical paths to cross. The number of crossings dramatically increasing with switch 

order N and architecture complexity [I]. 

To date all integrated optical crosspoint development has concentrated on an integrated 

waveguide approach. In these devices large numbers of waveguide crossings are undesirable 

since they increase the path loss and crosstalk [7]. This is not a serious problem at very low 

switch orders i. e. N=2. However as N is increased it is advantageous to use networking schemes 

that minimise crossings [1]. However, in Two Dimensional Integrated Optics (2DIO) light 

propagates in a slab waveguide with no lateral guiding [8], deep etched mirror structures [9] are 

then used to manipulate the beam in the slab. Owing to the unguided nature of the propagating 

modes, crossing optical paths suffer a negligible crosstalk and loss penalty [10]. Thus the 

realisation of a high order 2DIO crosspoint switch could offer many advantages over the 

conventional integrated waveguide approach. 

3.3 2DIO Crosspoint Architectures 

A schematic drawing of a 2x2 2DIO crosspoint is shown in figure 3.1 a and extended to 

NxN in figure 3.1 b. The material system considered is InGaAsP/InGaAs/InP operating at a 

wavelength of 1.55ýtm. Light enters the device through input waveguides where it is injected 

into the 2DIO slab waveguide, and is free to diverge until it is collimated by parabolic mirrors. 

The mirror equations being traced by the dotted lines (figure 3.1a). The collimated light then 

enters the mirror matrix. This consists of N2 planar truncating mirrors which simultaneously 

split and shuffle the inputs to every output. The architecture used is an extension of a tree 

structure and the device therefore operates as a broadcast network i. e. every input can be 

switched to any output [I ]. The I ight then passes through an array of spatial filters (deep etches) 

which are angled in order to stop reflections back into the mirror matrix. This reduces the 

3-2 



Chapter 3 
.- Theoretical Design of a Novel NxN 2DIO Crosspoint Switch Architecture 

/ 

Figure 1B 
N'd/2 

. 0041 00 
y of spatial filters 

I Key Mirror 

td: 

L 

r-T N'd 

I. .4 ýO .0 i-4 ýO goo io 100 00 100 
& 

Nsd,: l 
N'd/2 

sd 

Inputs Inputs 

Figure 3.1 a: 2x2 2DIO cross oint switch -perspective view. p 
b 

.-A generalised NxN crosspoint architecture - plan view. 

device crosstalk before the signal passes through a bank of broad area amplifier gate switches 
(shaded regions). The amplifiers allow the inputs to be routed to each output while providing 

gain to compensate for the intrinsic device loss. Each switched input is then focused down to 

the output waveguides via N parabolic output mirrors, which may be thought of as a novel type 

of 2DIO mirrored star coupler. 

The 2DIO crosspoint has many advantages over current crosspoint devices. Since the 

crossing of optical paths is acceptable, an architecture can be used which can reduce the switch 

size by maximising the number of crossings. Also, only three mirrors per path are required 

regardless of the device order, N. Thus the 2DIO crosspoint has the potential for low loss and 

scalability. In comparison, a current optical waveguide device may have a multitude of 

couplers, Total Internal Reflecting (TIR) mirrors or waveguide bends through one optical path. 

However, owing to the unguided nature of the propagating optical modes in the 2DIO 

approach, the mirror matrix must be designed carefully in order to avoid crosstalk between 

different input channels. The novel method of splitting and shuffling input beams through the 

inatrix also requires a detailed analysis of beam truncation which has been investigated using a 

2DIO beam propagation model. 
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3.4 Modelling Of The 2DIO Crosspoint Architecture 

2DIO Mirror 

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

N, 

-- ------ -- I- 

d 

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

Effective Slit 
Approximation 

Figure 3.2 Effective slit approximation of a 2DIO mirror etch. 

A series of assumptions are made in analysing the NxN crosspoint illustrated in figure 

3.1b. Firstly it is assumed that the light propagates in the 2DIO slab waveguide with an 

effective refractive index, nf , y, which is used to account for the confinement of the light in the 

vertical plane. Secondly, the mirrors can be approximated to effective slits as shown in figure 

3.2. This assumption is valid provided that the mirrors have no surface roughness, and there is 

negligible diffraction over the area of the mirror i. e. shaded region of figure 3.2. 

The analysis may then be greatly simplified by only considering the longest path 

through the device, labelled the 'key mirror'. It is this input/output path which will ultimately 
determine the performance, since all other paths with suffer considerably less divergence in the 

mirror matrix. The architecture may then be redrawn in block form (figure 3.3), this separates 

the device optimisation into 4 main categories. These are discussed independently as follows. 

a Collimation of b Beam Truncation in the 
Input beam Mirror Matrix 

Input Guide 
Nd Win 

(N-1) Mirror 
Etches I 

Propagation across Propagation down 
Mirror Matrix Mirror Matrix 

M, =N'sd+N'd/2 M2=N'd LN2 d/2 

Figure3.3 Block Diagram for the key mirror path of the 2DIO Crosspoint device 
C31 

c Broad Area Amplifier d Output focussing 
Gate Switches Parabolic Mirror 

3uide 
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(a) Collimation of the input beam 

The electromagnetic field collimated by the input parabolic mirror can be calculated by the 
Fourier transform of the field propagating from the input waveguide. It is assumed that the 

collimating mirrors are large enough to prevent truncation of the diverging beam from the 
input waveguide. Also, that they can be designed so that a beam of any FWFfM (full width 
half maximum) may be collimated onto the mirror matrix by adjusting the position of input 

waveguides and equation of the mirror. Providing the input waveguides are weakly guided 

and only support the fundamental mode, the field incident on one input of the mirror matrix 

can be assumed to be gaussian [11]. This immediately simplifies the mirror matrix 

optimisation to solely analysing truncation effects of an input zero order gaussian field with 

arbitrary FVVHM. 

(b) Beam Truncation in the mirror matrix 

The truncation effects of the mirror matrix are given by the solution of the wave-equation 

subject to the boundary conditions imposed by the mirrors. A modal propagation model 

(MPM) has been written in order to determine the propagating electromagnetic field after 

each truncation. These results are discussed in Section 3.5. 

(c) Broad Area Amplifier Gate Switches 

It is proposed that the intrinsic device loss can be compensated by the use of broad area 

amplifier gate switches. However, owing to the finite aperture of each amplifier, diffraction 

ripples will occur in the field distribution within it. These ripples would in turn lead to 

complex transverse carrier density profiles across the amplifier width (bat ears [12]), due to 

hole burning effects. The refractive index of the gain region is dependent on the carrier 

density inside the amplifier. Thus this lateral spatial dependence on the speed of light across 

the amplifier facet would result in complex transverse phase variations emitted from 

amplifier. The effective focusing of the output signal to a waveguide then becomes lossy. 

This potential problem is analysed by a combination of rate equation analysis and modal 

propagation theory in Section 3.6 

( 
/jl 

a) Outputfocusing mirrors. 

The design of the novel 2DIO coupler which focuses the light down to the output guide is 

discussed in Section 3.7. 
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3.5 Theoretical Analysis Of The Mirror Matrix 
3.5.1 The truncation of a plane wave 

In order to optimise the splitting and shuffling action of the mirror matrix, the concept 

of beam truncation in a slab waveguide must first be examined. Initially the truncation of a 

plane wave by an effective slit is studied. This permits validation of the MPM and reveals some 

initial insight into the problem of beam truncation. 

Consider a plane wave with an effective slab wavelength of k 
eff,: -- 

k(Ineff incident on a 

slit of width d. Initially a first order approximation can be used in order to determine roughly 

the propagation after truncation [13]. This involves mode matching a zero order Hermite 

Gaussian beam (Appendix B) to the field at the slit by maximising the overlap integral Z(wa), 

described by the function 

Y- (w�) =Lý (x) T* (x, w, z= 0) dx (3.1) 

where ý(x) is the normalised field at the slit, and 'F(xwO'z=O) is a normalised zero order 

Hermite Gaussian with beam waist wo. [13] For an incident plane wave, as discussed here, the 

calculation yields a Gaussian beam waist of 

wo;:,, d/2 (3.2) 

Thus the truncation can be represented, to a first approximation, by a zero order Gaussian, 

emanating from the slit, with a waist wo,,,:, dl2. 

By including higher order Hermite Gaussian terms a more accurate propagation can be 

determined, which results in the MPM calculation plotted in figure 3.4. By scaling the x-axis to 

d, and the y-axis by a factor 

7C 

eff 

(3.3) 

the solution is generalised for any wavelength or slit width*. It can be observed that the MPM 

solution predicts a sinc function at z,,,, (Raleigh range) which is in total agreement to the field 

* it should be noted that the eigenfunction solution is not valid unless d>>?, 
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predicted by the Fraunhofer diffraction of a single slit [14]. Indeed, the comparison of the 
predicted MPM farfield with the expected Fourier transform is used as a test for the validity of 
the results quoted in this thesis. 

-2 

Figure 3.4 Truncation of a plane wave by a slit, d 

It may be observed that the intensity in figure 3.4 increases to maximum before 

adopting the traditional sinc function in the farfield. This implies that the diffraction profile has 

narrowed since energy must be conserved over the direction of propagation. The narrowing 

effect is seen to occur at a distance approximately 0.5z 
s from the truncation or 

ZP d2 (3.4) 
eff 

and will be observed later when calculating the propagation in the mirror matrix. It will 

therefore be used for optimum positioning of the amplifier gate switches within the crosspoint 

architecture. 
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3.5.2 The truncation of a collimated waveguidefield 

i T ap rox p 

lpt 
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w 0 

Zw, d, ca 
uu 

>- --------- - ---- -- 
-0 C4 r- 

,A < z2 i 

Figure 3.5 Zero order Gaussian approximation to a mirror truncation 

Consider now a more realistic field propagating in the slab structure such as a zero 

order waveguide mode collimated by a parabolic mirror, T, illustrated by Figure 3.5. As with 

the plane wave analysis, the truncation can also be reduced, as a first approximation, to a 

normalised Hermite Gaussian beam T 
approx, with beam waist wo, calculated from equation 

3.1. 

This simple approximation may be used to optimise the mirror matrix design. However, the 

accuracy of the approximation and range of validity is unknown. Thus the MPM is used to 

compare the actual propagation after truncation, with the zero order Gaussian approximation. 

The divergence angle, 0, together with the ratio wolw, where w is the beam waste of Tt, 
are 

used as figures of merit in this comparison. The results can be summarised in figure 3.6. 
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Firstly consider the truncation of a collimated Gaussian i. e. at its waist with z=O in 
figure 3.5. Figure 3.6 shows that the approximation accurately describes the propagating field 

for both 0 and wo/w for all degrees of truncation. It can also be noted from figure 3.6a that for 

an aperture with width less than d=w, the variation is approximately linear with a gradient of a 
half. This result immediately leads to equation 3.2 which has been shown to be the result for 

the plane wave analysis. Thus a zero order Gaussian mode truncated by an aperture of 

width less than its beam waist can be simply assumed to be a plane wave. The propagation 

after truncation is found to be indistinguishable from figure 3.4 and also exhibits the 

characteristic maximum at zp. 

If the truncated Gaussian beam Tt is not collimated, for example it has travelled a 
n2 

z>-W 

distance 0 x, from the collimating mirror to the truncation, there is a reduction in the 

accuracy of approximation. This may be observed in figure 3.6 which shows that the 

approximation is only accurate for truncation widths less than &: ý2w. Therefore, the truncation 

cannot be solely described by Tapprox. Higher Hermite Gaussian orders are required to 

approximate the solution satisfactorily and account for the extra divergence incurred to the 

truncated beam. A further increase in z leads to a further reduction in accuracy at lower values 

of d1w. 

3.5.3 Application of Gaussian approximation to the 2DIO crosspoint design. 

The above analysis can be surnmarised in two statements. 

A. Providing that a zero order Gaussian beam is truncated by a slit of width less than Jzý2w 

before travelling a distance zo from its waist, its propagation can be described by a zero 

order Gaussian beam originating from the truncation with beam waist, wo, satisfied by 

equation 3.1. 

B. Providing that the truncation is less than &zýw the incident Gaussian beam can be assumed to 

be a plane wave. The propagation after truncation can be described by a zero order Gaussian 

beam with waist wo=d/2 and exhibits a narrowing at a distance z=zp from the truncation. 

The approximation may then be applied to the 21310 crosspoint to determine the device size 

and crosstalk as a function of device order N. 
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Figure 3.7 Variation of the amplifier separation, s, with the mirrorlamplifier separation. 

Firstly it can be observed from figure 3.1 b that the approximate device size, Dx by DY is 

given by the equations 

N'(1 + s)d (3.5a) 

Dy = 2(dN2 +1) (3.5b) 

where 1 is the switch length and sd is the switch separation. The variable s is a parameter 

introduced to increase the amplifier switch separation, which ultimately determines the 

crosstalk of the device. This is observed in figure 3.7 where the MPM is used to calculated the 

crosstalk between two neighbouring amplifiers as a function of their separations. It may be 

observed that a switch separation of s=5 yields a device crosstalk of the order of -40dB for a 

key mirror/spatial filter separation of z M2=zp (figure 3.3). This equation immediately 
p i. e. 

determines the key mirror size 

8 
ffN e 

71 
(3.6) 

However, in order for the input beam to remain collimated over the length of the matrix two 

extra requirements are imposed on d Firstly, in order for the beam to remain collimated over 

the entire length of the matrix (the region denoted by M, in figure 3.3), it is required from 

statement A that 2wi, =Nd and MI<zO, where wi, is the beam waist of the input collimated 

mode. This sets a lower limit on the truncation mirror size 
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7E 
(3.7) 

Also, in order for the input beam to remain collimated between successive truncations (from 

statement B) it is required that the distance between successive truncations in the matrix, A13, is 

less than z,. 

hence d> 
4k(ff Ns 

(3.8) 
7C 

which follows from equation 3.6 that N>sl2. Thus given 1, s=5 and keff--(1.5513.2)ýtm the 

device size can be calculated and is shown in figure 3.8. It may be shown the device size 
increases as a function of N41, Dx increasing more rapidly owing to the switch separation, s, 

required to reduce device crosstalk. The results show that for a device order of N=4 a device 

size of approximately 1.5x]. 5mM2 is required when a switching region of length 1=500[tm is 

assumed, which is typical [3]. This equates to a key mirror size of approximately 20ýtm. 

6 

I),, 
5 

4 
9.1 

3 

V 

aý 

1 

Dy 

0 
2 345678 

Device Order N 

Figure 3.8 Calculation of device size using the Gaussian approximation. 
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Figure3.9 MPM simulation of the worst case field atone output of 4x4 mirror matrix 

The MPM is then used to determine the actual theoretical performance of the optimised 

4 th order mirror matrix. This is achieved by calculating the actual field propagation from each 

of the four inputs, through the mirror matrix, to a single output of the device. Figure 3.9 shows 

the resulting intensity on one such output arm. This plot indicates that the crosstalk between the 

inputs is of the order of -40dB, as designed. The splitting and shuffling action of the mirror 

matrix is calculated in figure 3.10, where it can be observed that the input beam does remain 

collimated whilst travelling across the mirror matrix. 
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Figure 3.10 MPM of the beam splitting action of a proposed 4x4 2DIO crosspoint. 
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3.6 Broad Area Amplifier Gate Switch Design 

It is proposed that the routing mechanism of the crosspoint is performed by the 

amplifier gate switch. However, as outlined earlier, the effect of the phase front on the 

propagating beam requires analysis in order to justify the viability of the device. 

J. K. White et al [ 12] perform a detailed two dimensional analysis of a single pass broad 

area semiconductor amplifier. Their results show that provided the input aperture of the 

amplifier is broad enough, so that there is no truncation of the input beam both at the amplifier 
input and inside the cavity, the carrier density distribution across the amplifier becomes a 

predictable function of transverse position. Therefore, there will be smooth phase delay 

superimposed on the emitted signal. 

However, in order to avoid the complexities of a full two dimensional travelling wave 
treatment as in [12], the amplifier analysis is separated into to two parts. Firstly the propagation 

of the beam through the amplifier length is studied by the modal propagation model. The gain 

and carrier density distribution within the amplifier is then calculated by a multi-sectioil rate 

equation model (Appendix A). This method assumes that the beam propagates in a purely 
homogeneous medium and therefore ignores the gain guiding effect of the propagating mode. It 

does, however, approximately calculate the effect of the carrier distribution on the emitted 

wavefront. Hence the effect on power coupling to the output waveguide can be approximately 

calculated (as discussed in Section 3.7). 
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Figure 3.11 MPM calculation for the intensity distribution after the spatialfilter 
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Firstly let us consider the MPM through the cavity. The path of an input to a single 

output through the device has been summarised by the block diagram shown schematically in 

figure 3.3. Spatial filters are placed between the mirror matrix and amplifiers. This not only 

reduces the crosstalk of the switch by preventing stray light from entering each amplifier gate 

switch, but with correct design forces the power distribution across the amplifier facet to be 

approximately Gaussian. This can be observed in figure 3.11, where the MPM has been used to 

calculate the effect of the filter (20ýtm aperture) for the optimised 4x4 crosspoint, after the 

input has passed through the mirror matrix. It can be observed from the contour plot that 

although diffraction ripples appear in the first 200ýtm after the truncation, the approximate 

propagation thereafter is approximately zero order Gaussian. It is found that this method of 
filtering only results in further signal loss of 0.93dB. The optimum amplifier design also 

requires a small taper angle of 20 in order to avoid truncation of the propagating field inside the 

amplifier cavity. 

0.004 

0.003 

0.002 

-0 

.ý0.001 

0 
600 
I- O-Qgý 40 

Figure 3.12 Approximate reftactive index distribution across the amplifier cavity 
I=8OOmA Amplifier gain 25dB. 

The approximate disruption on the phase front of the amplified signal may then be 

calculated from a multi-section rate equation analysis as described in Appendix A. The 

refractive index distribution along the amplifier cavity from such a calculation is plotted in 

figure 3.12. It can be observed that there is a predicted increase in refractive index down the 

central axis of the amplifier region. The total induced phase front due to this index distribution 

may then be calculated, as illustrated in figure 3.13. It should be noted that the change in 

refractive index across the cavity is very small, approximately 0.1%, which acts to focus the 

propagating mode. The induced phase front can then be used in conjunction with the MPM 

model to determine its effect when coupling to the output waveguide, as discussed in Section 

3.7. 
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Figure 3.13 Totalphase distribution across the amplifier outputfacet 

3.7 Novel 2DIO Coupler Design 

Finally the action of the novel NxI 2DIO coupler is briefly examined, and optimised 
for a 4x4 crosspoint. It can be observed that the operation of the coupler is almost identical to 

that of aI xN star coupler, except that parabolic mirror etches replace the waveguide array. The 

theoretical analysis is therefore very similar to that of a star [15], which is made easier if its 

operation as a coherent splitter rather than an incoherent combiner is initially considered. 

Firstly, it is assumed, as with the input guide, that the output waveguide is weakly 

guided. Therefore an optical mode injected backwards through the output guide onto the array 

of N parabolic focusing mirrors is approximately Gaussian. The waist of the Gaussian beam, W, 

can be adjusted by changing the waveguide/mirror array separation. Assuming each parabolic 

focusing mirror has an aperture d=20ýLm and 2w=Nd, the field contribution on each mirror, X, 

may then be calculated (dotted line figure 3.14). The diverging field which misses the parabolic 

mirror array results in a coupler splitting loss S of 1.6dB. 
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Figure 3.14 Calculation of channel loss of a 2DIO Ix4 coupler. 
Solid line - Forwardpropagation of the signalftom each input x, 
Dashed line - Back Propagation of the output waveguide mode X, 

Secondly, the field contribution incident on the parabolic mirrors from the opposite 

direction (through the device from the input guide), X,,, has already been calculated using the 

MPM and rate-equation analysis (a combination figures 3.9,3.11 & 3.12). By applying the 

overlap integral between X,, and X,, the individual channel loss, C" may then be calculated 

(figure 3.14). It is found that the gain guiding effect of the amplifier gate switch has a 

negligible contribution to C,,, the loss is almost all due to the mode mismatch and finite 

aperture of the mirrors d. The total 2DIO coupler excess loss (which does not include the 

intrinsic 10/ogloNcombine/split loss) may then be estimated by S+C,,;: 4dB. 

3.8 Device Loss And Crosstalk 

The total device loss, cc, for an NxN 2DIO crosspoint architecture, may now be 

estimated from the equation 

cc =-20logON+ I+ 3M+F+(S+C .. 
) dB (3.9) 

where the first term describes the inherent splitting and coupling loss of any broadcast 

crosspoint architecture, and 

M is the mirror loss due to mirror roughness and wall verticality, typically -1.5dB per 

mirror [ 161. 
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I is the scattered field in the mirror matrix not directed to the outputs which has been 

estimated using the MpM to be of the order of - 1.6dB, which is independent of device 

order 

F is the spatial filter loss calculated to 0.93dB which is independent of device order*. 
S+C,, is the 21310 coupler loss between the output parabolic focusing mirrors and the output 

single mode waveguides, this has been estimated to 4dB which is independent of 
device order 

It may be observed that the dominant loss is due to the first term (split & combine) 

which is the theoretical minimum loss of any broadcast architecture. The device order, N, will 
be limited when this term exceeds the device amplification. However, unlike similar 

expressions for waveguide based architectures [1], it should be noted that the other terms are 
largely independent of N. This scalability with no excess -increase in loss is a major advantage 

of this architecture. For an optimised 4x4 crosspoint the total device loss (including split and 

combine) can be estimated to 24dB. However, it should be noted that this loss is compensated 

for by the amplifier gate switches, thus the device performance is predicted to be lossless. 

The crosstalk of the device at the output has been estimated to -40dB. However, this 

does not include crosstalk due to light scattering (off several mirrors) inside the device. 

However,, the judicious placement of spatial filters at the input and output waveguides may be 

used to overcome this problem (figure 3.1). 

3.9 Conclusions 

A novel 2DIO crosspoint architecture has been proposed which has been optimised 

using a Hermite-Gaussian modal propagation model and multi-section rate equation analysis. A 

zero order Gaussian approximation has been used to ease device design and the limits of the 

approximation have been discussed by comparison with the modal propagation model. 

Theoretical calculations show that a 1.55[tm InGaAsP-InP 4x4 lossless crosspoint switch with a 

theoretical crosstalk of approximately -40dB could be integrated on a InGaAsP-InP wafer less 

than 2x2mm2 in size. However, a more rigorous analysis is required in order to assess the 

design tolerance from variations between and across an InP wafer (for example refractive 

index), in order to completely justify the design. 

* it should be noted that although all preceding loss calculations were performed for a 4x4 crosspoint they are still approximatelý 

valid for an NxN device. This is due to the way each calculation has been scaled to the key mirror width, d, and optimum position 
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Chapter 4 

4.1 Theoretical Optimisation of the Waveguide Crosspoint Switch 

C hapter 2 has introduced the basic concept of the waveguide crosspoint switch. It has been 

shown that by using TIR mirrors, electroabsorption modulators and deep etched MMI 
f 

couplers the device size can be reduced to a minimum. In this chapter the basic design is 

analysed theoretically in order to achieve an acceptable device performance. This will allow a 

calculation of device size with device order. It will be shown that an W InP device is feasible 

2 
with a size of approximately 3x2mm . This will lead to the fabrication of several test structures 

in order to verify the theoretical calculations given in this chapter. These test structures will be 

discussedfurther in chapters 5 and 6. 
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4.2 Outline of device structure 

Shaflow Etch Waveguide 
MMI Design Design 
MMI Width Waveguide width 
MMI Length Etch Depth Deep Etch Waveguide 

Figure4.1 Schematic diagram of the proposed 4x4 InP Crosspoint design 

A schematic diagram of the proposed device is shown conceptually in figure 4.1. The 

inputs are first split N ways by input couplers, switched, then shuffled to each output via the 

waveguide matrix. Finally they are collected together by with N output couplers. It has already 

been briefly discussed that in order to reduce the size of the coupler stages whilst maintaining 

low crosstalk and loss in the matrix it is necessary to have separated regions with strong and 

weak guiding. This chapter will be concerned with analysing in detail all aspects of the switch 

design. From the choice of waveguide which leads to coupler design and finally the mode 

converters which are required for a low loss transition between the strong and weak guided 

regions. 

Figure 4.1 highlights the various features of the device which need to optimised before 

the crosspoint may be fabricated. These will be discussed separately in the following sections 

as follows 

1. Discussion of the InP wafer on which the device will be fabricated. 

2. Optimisation of the shallow etch waveguide width, d, and etch depth, e. 

3. Calculation of the device crosstalk by optimisation of the waveguide separation, s, in the 

matrix. 

4. Mode converter design which allows a low loss transition between the deep and shallow 

etched regions. Calculation of the taper width, D, and length L. 
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5. Designing of a deep etched fabrication tolerant Multimode Interference coupler (MMI), 
MMI width, W, and length LMMI. 

6. Optimisation of the S-Bend waveguide and calculation of the minimum radius of curvature, 
RcO5 of the bends. 

4.3 Wafer Design and Weakly Guided Waveguide 
4.3.1 Wafer Optimisation 

Regrown Passive 
InP " 

Waveguide Mode 

I InP Substrate I 

Active Passive 

Figure 4.2 ActivelPassive integration using selective area regrowth on an evanescently 
coupled quantum well wafer 

In order to optimise each of the components in the crosspoint switch, a wafer design is 

required onto which the device will be finally fabricated. Therefore it is first necessary to have 

a basic understanding of how the finally device will be fabricated. The device requires 

integration of active amplifiers/modulators and passive waveguides which can be achieved by 

many different methods, such as laser intermixing [1], hybrid integration [2. -5], bandgap 

selective growth [6] and selective area regrowth [7]. It has been proposed that this device will 

be fabricated by the latter process of selective area regrowth, following a process very close to 

an earlier BT 2x2 crosspoint design as discussed in [8,9]. The process involves designing an 

evanescently coupled MQW (multi-quantum well) wafer as shown schematically in figure 4.2 

The first processing step involves masking the amplifier/modulator areas of the device and 

etching away the active MQW. The passive regions are then formed by a second regrowth step 

to create a low loss passive waveguide. An example of this technique is discussed in [8] and 

shown schematically in figure 4.2. The passive waveguide structure assumed for the crosspoint 

is therefore chosen to be compatible with selective area regrowth and is drawn schematically in 

figure 4.3. 

Material 
Cladding InP 

Guide Q1.1 
Cladding InP 
Buffer InP 

Substrate InP 

Width (pm) Index 
1.5ýtrn 3.157 
0.4pm 3.288 
0.5 pm 3.157 
1.0 vim 3.157 

3.157 

Figure 4.3 Passive waveguide structure using selective area regrowth on an evanescently 
coupled quantum well wafer (after [8]). 
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4.3.2 Weakly Guided Waveguide Optimisation 

Chapter 2 has briefly discussed the reasons why weak guides are required in the 

waveguide matrix of the crosspoint. This is because of the large numbers of crossings in the 

matrix will yield an unacceptable loss owing to the field diffracting across each crossing. The 

weakly guided waveguides must be single moded - to ensure good coupling to input/output 

single mode fibres. Also it should be noted that the weak guides mean large waveguide 

separations at the coupler outputs to minimise optical coupling from the parallel running 

waveguides in the matrix. This increases device size, thus the final waveguide design must 

balance waveguide separation with the loss of the waveguide crossings. Before proceeding with 

this optimisation, the single mode nature of a ridge waveguide will be discussed as this will 

impose the primary limits of waveguide geometries that are feasible. 

Figure 4.4 Effective Index Representation of a3 Dimensional waveguide. 

A ridge waveguide geometry is considered for the passive waveguide matrix as shown 

in figure 4.4. The guiding strength of the waveguide is determined by the etch depth, e, in the 

upper cladding layer. Since the waveguide must be single moded, this sets a maximum 

waveguide width, d,,,, ffp=j for a given etch depth, e, below which the first order mode is cutoff. 

There are many ways calculating d,,,,, ff p=1 (e) for the above wafer design, here an effective 

index method [10-. 12] is used. Although the calculation is approximate [13], the method 

simplifies the device optimisation in the later sections. 
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Figure 4.5 Effective Index Step AnTE(e) and AnTE(e) as a function of etch depth e. 
ng- TE=3.197, - ng- TM=3.194 

It is first assumed that the mode propagating down the structure can be resolved 

separately into the horizontal and vertical directions. The 3 dimensional problem can then be 

reduce to a much simpler 2D calculation which is discussed in [14]. By solving the wave- 

equation first in the vertical plane independently in the three regions A, B and C (figure 4.4) the 

effective indices n, j(e), ngý nc2 (e) can be calculated. In this case, the problem is symmetric 

nc, (e) =nc2(e) =nc (e). As such the effective guiding strength in the horizontal direction may then 

be determined from the equation 

An(e) = ng - n, (e) (4.1) 

A multi-layer 2D waveguide mode solver has been used [ 15] in order to calculate the effective 

indices of ng., n, (e), and hence AnTE(e) and AnTm(e) for both the TE and TM polarisations. This 

is plotted in figure 4.5 as a function of etch depth e. 

aside It is found that when calculating information about the waveguide, such as Ist order 

cutoff, crossing loss etc. it is easier to deal in terms of the effective index step, An(e) of the 

guide rather than the etch depth. Therefore the rest of the chapter will deal in terms of the 

effective index step of t he waveguide. The etch depth, e, required for fabrication may then be 

determined after the optimum index step, An(e), has been found. 
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The maximum single mode waveguide width d,, tff P=1 (for the 3D structure) is then 

reduced to a 2D problem. The 2D waveguide formed in the horizontal plane by the effective 
index step AnTE(e) will determine the I st order TE mode cutoff for the 3D guide [16], likewise 
for TM. This may be calculated algebraically from the normalised frequency parameter V, 

which is given by 

as discussed in [17]. 

(4.2) 

lh It is found from slab waveguide theory [ 18] that the cutoff waveguide width d,,,,,, ff P of the p 

order mode is given for both TE and TM modes when 

PTI 

2 
(4.3) 

Thus the maximum single mode waveguide width for the weakly guided structure can be 

calculated in terms of the effective index step An(e) from equations 4.2 and 4.3, this is plotted 

in figure 4.6. It should be noted that in terms of effective index step An(e) the cutoff point is 

identical for both TE and TM polarisations (this is a result derived theoretically by Marcuse 

[19]). However, it should be noted from figure 4.5 that for a given etch depth, e, the index step, 

An(e), is different for each polarisation. Therefore, both TE and TM polarisations will indeed 

have different cutoff waveguide widths which may be deduced from both figures 4.5 and 4.6. 
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Figure 4.6 Number of Modes propagating in a shallow etched waveguide as a function of 
width and index step. 
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Thus the single mode nature of a ridge waveguide has been deten-nined in terms of the effective 
index step and waveguide width (Figure 4.6). However, an optimum waveguide cannot yet be 

determined until the following factors have been investigated 

1. Crossing loss in the waveguide matrix 

2. Crosstalk in the waveguide matrix 

as these will both be affected by the waveguide design. These factors will now be discussed in 

the next section in order to finalise the weak guided waveguide design. 

4.3.3 Waveguide Crossing Loss and Crosstalk 

Chapter 2 has given a brief description of how the number of waveguide crossings will 

limit the device performance. In this section a more rigours calculation of the crossing loss and 

crosstalk will be calculated. This information will then be used to optimise the final waveguide 

design. 

, --->Z 
ng 

Figure 4.7 Calculation of loss and crosstalk of a waveguide crossing. 

Firstly the crossing loss will be discussed. Consider a 2D waveguide mode y(An, d) 

propagating towards a waveguide crossing. From figure 4.7 it may be shown that the boundary 

conditions at the crossing lead to 

y (An, d) = ry - (An, d) +'fC ý, 
G. (w, z= 0) (4.4) 

n=O 

where the first term describes the reflection at the interface (r is the field reflectivity). The 

second term represents a complete basis set of Hermite-Gaussian modes G, (w, z) which 

describes the light coupling into the 2DIO region right of the boundary. This calculation has 

already been discussed in chapter 3. The superscripts ± indicate the direction of which y(An, d) 

propagates. 
The back reflection from the crossing is due to the refractive index step ng- nff, where 

n eff 
is the effective refractive index of the propagating mode left of the boundary. The 
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2 reflectivity, R=Irl 
, can be estimated by the Fresnel reflection equation at normal incidence 

[201 which is given by 

ng - neff 

ng +neff 
(4.5) 

The value of nff depends on the waveguide width and effective index step of the waveguide. 
It's value can be determined from the eigen-value equation [2 1] 

tan(K 
7 

(4.6) 
K 

where,, K and y are constants as discussed in [21 ] 

It's solution is plotted in figure 4.8 which along with the crossing reflectivity R which has 

calculated from equation 4.5 (figure 4.6 has also been used to indicate the mode cutoff 
boundaries). 
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Figure 4.8 Calculation of neff and hence Rftom equations 4.5 and 4.6 

It may be observed that the reflectivity is very small (<-59dB). As such the first term in 

equation 4.4 can be ignored, and the crossing loss, L(An, d), may be determined by only 

considering the light diffracting across the crossing. This is described mathematically by the 

overlap integral 

2 
00 IJ=CO 

L(An, d)= f(p(An, d)*ZC�G�(w, z=d)dx (4.7) 

-00 n=O 
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Figure 4.9 Calculation of crossing loss L(An, d) in dBsfor various waveguide designs 

The beam propagation model discussed in Chapter 3 has been used in order to calculate 
the above equation (for the TE mode only). The result is shown in figure 4.9, where figure 4.6 

has been used to indicate the mode cutoff boundaries. It should be noted that strictly the term 
4crossing loss' is only accurate in the 'Single Mode' region. Outside this boundary the light 

coupling into the higher order modes at the other side of the crossing is not considered. 
Therefore the calculation indicates the amount of power coupled into the zero order mode 

rather than a 'crossing loss'. 

Assuming that the number of waveguide crossings in the architecture is proportional to 

N2-N (which is an over estimate), the total crossing loss may be determined as a function of N. 
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Figure4-10 Variation of crossing loss as a function of device order, N. 
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This is plotted in figure 4.10, it may be noted that in order to achieve a 0.5dB penalty for an 
8x8 device, then a crossing loss of less than O. OldB per crossing is required. Thus it can be 

observed from figure 4.9 that a ridge waveguide of the order of 3ktm wide and with an index 

step of approximately 0.005<An<0.01 has both low crossing loss and is mono-mode, this is 
indicated by the shaded region. The crosstalk due to each crossing will now be discussed in 

order to finalise the waveguide design. 

It has been already been discussed in Chapter 2 that the origin for crosstalk in crossing 

waveguides can be described by the ray picture of light propagating down the guide. This idea 

may be taken a step further in a more rigorous calculation by the use of the overlap integral. 

Assuming that the waveguides are weakly guided such that they may be approximated by the 

scalar solution of the wave-equation, it may be shown [22] that the amount of optical power 

which leaks from one guide (eigenfunction y(An, dx)e-kz) to the other guide (eigenfunction 

y(An, d, z)e -kx ) may be deduced from the equation 

2 

(An, d) f fg(An, d, z)e-'(p(An, d, x)e-'dxd (4.8) 

where X(An, d) is the fraction of power which leaks into the crossing waveguide. Hence, 

assuming that the maximum number of crossings in an NxN cross-connect is N2-N, the 
2 

maximum crosstalk penalty can be estimated from (N -N)y, (An, d). This is plotted in figure 4.11 

for an W device. It can be observed that for the majority of waveguide geometries the 

crosstalk is negligible (<-60dB). 
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Figure 4.11 Calculation of crosstalk in dBsfor various waveguide designs 
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Thus it is concluded that the most suitable ridge guide for the crosspoint design 

consists of a d=3±0.25ýtm wide guiding ridge with an index step of approximately 
An=0.010±0.005. From figure 4.5 it may be observed that this equates to an etch depth of 
approximately e=1.20±0.05ýtm. This results in a crossing loss of approximately -0.008dB per 
crossing and with a crosstalk penalty of the order of -75dB across the total waveguide matrix. 

4.3.4 Crosstalk in the waveguide matrix 

Figure4.12 Waveguide coupling between two Parallel running waveguides A and B. 

Crosstalk from the numerous waveguide crossings in the waveguide matrix is not the 

only source of crosstalk in the device. Unwanted power may also be transferred between two 

parallel running waveguides, A and B, via their evanescent tails. This is shown schematically in 

figure 4.12. The power coupling therefore determines the minimum separation, s, which two 

parallel running waveguides may be separated by in the waveguide matrix. The power coupling 

can be determined by coupled mode theory [23]. In order to simplify the calculation it assumed 

that the waveguides are identical and far enough apart such that the solution of the wave- 

equation can be represented by the local modes propagating in each waveguide. If all the 

optical power is initially in guide B, the power coupled into guide A, PA, can be shown to be of 

the form [24] 

PA 
= PBsin 2 CABZ (4.9) 

where CAB is the coupling factor between mode A and B, which is given by 

(0 
An _ An2) 

s 
CAB =ý0 (2ng fy (x -2» *(x +2 )dx 

2 
_d 2 

where s is the centre to centre waveguide separation and FO is the electric permitivity in free 

space. The coupling length, z, the distance over which all the power in waveguide B is 
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transferred to waveguide A, may be determined fromCABand is given by 27CICAB. This has been 

plotted as a function of the waveguide separation, s, in figure 4.13 for the optimum shallow 
etched waveguide design discussed in the previous section (i. e. d=3.00±0-15ýtm, 
An=0.010±0.005). 

For a given waveguide separation, it is apparent from equation 4.9 that the longer two 

waveguides travel next to each other, the greater the power coupling between them and hence 

the greater the crosstalk. Thus in order to calculate the device crosstalk the total distance, Zmaxý 
that two waveguides run along side one another in the device is required. It may be shown that 
in the case of the NxN crosspoint discussed here, zmx may be estimated from 

Zmax = 
21V2s +L (4.11) 

where N is the switch order, which is assumed to be N=8, and the length of the modulator 

region, L, is approximately 500ýtm. The coupling length required for a crosstalk value of -30, - 
40 and -50dB may then be calculated from equations 4.9 and 4.11. This is also shown in figure 

4.13, the intersection of both lines indicates the optimum waveguide separation for the 

required crosstalk value. It can be observed from figure 4.13 that a waveguide fabricated to 

within d=3.0±0.5ýtm and an etch depth e=1.20±0.05gm requires waveguide separations, s, of 

the order of 10- 15 gm to reduce the crosstalk to below -50dB. A final value of s is chosen to be 

20ptm, in order to accommodate the TIR (total internal reflecting) mirrors in the waveguide 

matrix. The design of these mirrors will now be discussed in the next section. 
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Figure 4.13 Calculation of waveguide crosstalk between two Parallel running waveguides 
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4.3.5 Total Internal Reflecting Mirror Operation 

Shallow etched Waveguide 

Deep Etched Mirror 

Figure 4.14 Se4f Alignment of the deep Mirror Etch with the Shallow etched ridge 
waveguide 

The compact size of the waveguide crosspoint is achieved by the use of the Total 

Internal Reflecting (TIR) mirror [25]. The mirror is capable of steering the beam by 90 0 by 

virtue of the large refractive index step from InP to air formed by the deep etched inirror. The 

critical angle, 0, may be calculated for the InP/Air interface from the equation 

sinOC =1 neff 
(4.12) 

where nff is the effective index of the propagating mode in shallow etched waveguide. This has 

been calculated previously to 3.197 for TEOO and 3.195 for TMOO. This equation predicts a 

critical angle of approximately 170 for both polarisations. According to the Fresnel equations 

[20] plane waves incident on the interface above the critical angle will be reflected off the 

mirror. It is well understood that the distribution of plane waves contained within the incident 

waveguide mode may be deduced fýom the fourier transform of the propagating eigenmode. 

This has been calculated in figure 4.15 and compared with the Fresnel reflection equation for 

parallel electric field (TE). It may be observed that classically the eigenmode consists of a 

spread of planes waves propagating approximately 20' above and below the incidence angle. 

Furthermore, for a 45' turning mirror almost all the incident power is above the critical angle 

and can therefore be reflected off the mirror. 
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Figure 4.15 Estimation of the TIR mirror performance 

A more rigorous theoretical calculation has shown that potentially a very low loss TIR mirror 

can be realised, <0.08dB [26]. However, it is found that practically it is currently impossible to 

achieve such a low loss. This is due to three fabrication limitations 

1. It is very difficult to achieve a perfectly vertical side wall to form the deep mirror etch [27]. 

Typically a wall angle of approximately V can be achieved. 

2. The Roughness on the sidewall due to the quality of the mask used during the dry etching 

of the mirror also introduces a scattering loss to the reflected field [28]. 

3. Photolithographic misalignment errors between the deep and shallow etches contributes 

other losses to the TIR mirror [26]. 

As such it is found that practically that the losses expected by such a mirror is of the order of 

1.0-1.5dB [29]. No theoretical calculations have been made to optimise the mirror design here. 

Instead a TIR mirror design optimised experimentally by BT research laboratories has been 

used in the crosspoint design. 
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4.4 Deep Etched waveguides, MMIs and Mode Converter Design 
4.4.1 Deep Etch Waveguides 

Material Width ([tm) Index 
Cladding InP 1.5[tm 3.157 

Guide Q1.1 0.4ýtrn 3.282 
Cladding InP 0.5 pm 3.157 

Buffer InP 1.0 [IM 3.157 
Substrate InP 3.157 

Figure 4.16 Deep etched waveguide sections 

The previous section has discussed the optimum waveguide design for the wavegulde 

matrix section of the crosspoint. This section will now discuss the deeply etched regions which 

allow the compact splitting and combining of the input and output signals. Also, an analysis of 
the mode converters which allow low loss coupling between the deep and shallow etched 

sections are also considered. 

Firstly the zero order modal cutoff is investigated for the deep etched wavegulde shown 

schematically in figure 4.16. This calculation is slightly different to modal cutoff for the 

shallow etched waveguide previously discussed in section 4.3.2. In a shallow etched 

waveguide, the cutoff waveguide width, d,,,,, ff, is determined when the effective index of the 

first order mode drops below cladding index, n, (as shown in figure 4.4). At this point the mode 

leaks out laterally into the slab and is no longer guided. However, in a deep etched waveguide, 

nc is effectively air which is equal to I and therefore has no chance of leaking laterally. Instead, 

cutoff is determined by an effect called substrate leakage [30]. This may be more clearly 

examined by considering figure 4.17, where the effective indices of the higher order TE and 

TM modes have been calculated as a function of waveguide width, d, using the effective index 

method previously described in section 4.3.2. It may be observed that as the waveguide width is 

reduced, the effective index of each mode tends to nc=1 which is expected. However, when the 

effective index of the mode drops below the substrate index (ns,, b=3. J57) the mode is no longer 

guided since total internal reflection is not satisfied vertically. As such it may be observed from 

figure 4.17 that the first order TE and TM modes are cutoff with waveguide widths 

approximately less than 2.8ýtm, similarly 4.6Vtm for TE02 and TM02. Therefore in order to 

ensure that the deep etched sections remain single moded, a conservative value of 2ýtm is 

chosen for the deep etched waveguide width. 
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Figure 4.17 Cutoff of a deep etched waveguide 

A low loss transition is therefore required between the shallow etched ridge waveguide 

of width 3ýtm with an index step of 0.01±0.005 and the deep etched waveguide of width 2ptm. 

This can be achieved by a tapered waveguide structure, of which there are many kinds, notably 

linear [3 1 ], parabolic [32], and exponential [33]. The idea is simply to vary the waveguide width 

by the corresponding mathematical function in order to reduce the loss over the transition. Here 

a linear taper is considered as shown schematically in figure 4.18. 

ýy 
(A-n, d) 

I 

SAallow Etch Deep Etch 

Figure 4.18 Linear Tapered mode converters 

If the shallow etched mode propagating from left to right is described by the function y+(An, d), 

and y,, (D) describes the n th order mode propagating in the deep etched section, the boundary 

condition at the interface is given by 

N co 

y '(An, d) = ry - (An, d) +LC,, y , 
(D) +IC,,, y m 

0 in=O 
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This expression is very similar to the boundary condition for a waveguide crossing discussed 

earlier (equation 4.4). The first term describes the reflection at the interface due to differing 

modal effective indices left and right of the boundary, where r is the field reflectivity. It can be 

approximated, as before, by the Fresnel reflection at normal incidence which is given by 

equation 4.5. Its contribution can be shown negligible and therefore is ignored. The second and 
third terms describe the coupling into the deep etched taper right of the boundary, which 
requires further explanation. 

Marcuse [34] has shown that a waveguide taper can be approximated by a staircase. 
Provided each step, dz, is very small such that the 'local' waveguide width, D(z), in each step is 

approximately constant and the 'local' waveguide modes can be calculated in each section. If 

the 'local' waveguide at the beginning of the taper (which has a width D(z=O)) supports N 

guided modes, then ICj 2 in the second term is the power coupled into the n th guided mode. 

1CMI 2 in the third term represents the power coupled into each radiation mode. Hence ignoring 

the interface reflection (which is very small - see figure 4.4) the percentage power loss across 

the boundary is given by 

00 2c 12 ICM 
n 

m=O 0 

(4.14) 

In order to analyse the taper structure rigorously, equation 4.13 may then be applied to every 

section,, dz,, along the taper [351. The total taper loss may then be deduced from the summation 

of losses in each section (in the limit dz-->O) which may then be calculated from equation 4.14. 

No attempt is made here in order to optimise the taper loss. Instead, a more intuitive approach 

is taken where the initial loss from the 3ýLrn shallow etched waveguide to thefundamental deep 

etched waveguide mode is maximised (by optimising D). This loss may be deduce from the 

boundary condition 4.13, and is given by 

00 
Cn-O 

_fy' 

(An, d)Y 
n=O(D)dx 

00 

(4.15) 
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Figure 4.19 Optimisation of Initial taper width, D(z=O), for two shallow etched ridge widths. 

This function is plotted in figure 4.19 for two shallow etched waveguide widths, 
3.25: LO. 25ýtm. It may be observed that the coupling coefficient is maximised for 

D(z=O)=5.5±0.5ýtm. The waveguide width, D, may then tapered down to a 2ýtm single mode 

guide. To provide a low loss transition, the taper must operate adibatically. In other words, the 

zero order 'local' mode must propagate through the taper without a cumulative power transfer 

to the higher order 'local' modes. It has been suggested by Milton et al [32] that adiabatic 

operation is obtained when 

0 (Z) <X eff 
(Z) 

2Deff 
(4.16) 

where, 0 is the taper wall angle, Xeff is the effective wavelength (kolnef) of the zero order mode 

at a position z along the taper, and Deff is the effective width of the mode. This function has 

been plotted in figure 4.20 for various deep etched waveguide widths, D. It should be noted 

from figure 4.20 that the linear taper angle is constrained by the adiabatic operation of the 

widest end of the mode converter. An optimum taper would initially vary slowly with a gradual 

increase in taper angle towards the narrow end (a taper function given by the integral of figure 

4.20). Indeed, this is why the parabolic and exponential tapers are found in the literature, and 

have been shown to require shorter taper lengths compared with linear tapers [321. However, 

since only a taper of the order of 5ýtm to 2gm is required in this application, the extra 

complexities involved in fabricating these more advanced taper structures complicate the 

design. Therefore, it may be observed from figure 4.20 that the mode converter discussed here 

requires a taper angle of the order of 2-30. It has been shown experimentally that deep etched 

tapers on InP, with taper angles of less than 20 have yield negligible losses (<<0.5dB) [36]. 

This results in taper lengths, L, of the order of aI 00ýtm. 

4-18 

4.5 5 5.5 6 6.5 
Waveguide width D (z--O)(ýLm) 



Chapter 4. - Theoretical Optimisation of the Waveguide Crosspoint Switch 

9 

8 

7 
Jn 

u 

cu 4 

2 

I 

() 

D 

Waveguide Mode 7 

TMO 
ko=1.550ýtm 

TEo 

05 10 15 
Waveguide Width D(ýtm) 

Figure 4.20 Adiabatic Operation of a taperfor TE and TMPolarisations 

4.4.2 Multimode Interference coupler (MMI) design 

L, kf%il 

Figure 4.21 Schematic Diagram of a ]xN Multimode Interference Coupler 

20 

The proposed method of splitting in the crosspoint is achieved by the use of Multimode 

Interference couplers (MMIs), as shown schematically in figure 4.21. The coupler consists of 

one input waveguide and N output waveguides joined via a multimoded waveguide of length 

Lmm, and width W. Provided the length, LmMI, is accurately controlled, efficient Iff coupling 

can be achieved. This can be shown by analysing the performance of the MMI mathematically, 

a description of which is not discussed here. The reader is directed towards several excellent 

papers oil the subject [37-40]. However, the field distribution inside the MMI may be 

calculated by calculating the effective index, nff n of each guided mode, Yn, in the multimode 

waveguide. The field at each section along the cavity, E(z) may then be deduced from tile 

equation [371 
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N 

L Cy,, e-ikoneffnZ 

0 
(4.17) 

(ignoring radiation modes where C, may be deduced from equation 4.13). This function has 
been plotted in figure 4.22, where the field intensity along a W=16ptm MMI coupler has been 

calculated. It can be observed that multiple images can be formed along the coupler at discrete 

coupler lengths. It has been shown that in order to split power N ways a coupler length Ll,, %, for 

a strongly guided MMI as discussed here is given by, [37] 

n W2 2 
L+0 

IxN -ý Mo 4. k, 0 
(4.18) 

whereý wo is the best fit zero order Hermite-Gaussian mode to the MMIs optical input, and ý, O is 

the free space operating wavelength. 

20 
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Figure 4.22 Splitting operation of an JnP deep etched Multimode Interference Coupler 

A tolerance factor has been introduced in equation 4.18. This is the length over which 

efficient IxN power splitting may be achieved to within 0.5dB [39]. It may also be observed 

that there is a quadratic dependence of the MMI waveguide width, W, with length. It is found 

that this dependence imposes strict limitations on what MMI designs may be fabricated. 

Equation 4.18 may be written in terms of the width tolerance, 6W which is described by 

6w 
N7rwo 

2W 
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Hence, given that with current photolithographic processes the line width control of current 
resists is of the order of 0.2ptm [41], the design of a MMI coupler is fundamentally limited 

when 8W>0.2ýtm. Equation 4.18 may also be rewritten in terms of wavelength bandwidth, 6? '. 
This is the operating wavelength over which the coupler will operate with a 0.5dB penalty [39]. 

NhW02 
lk 

2W2 
(4.20) 

Equations [4.18-4-20] are extremely important in MMI design. They will now be used in order 
to optimise afabrication tolerant coupler for the crosspoint. 

It has already been shown that the output waveguides of the coupler are to be spaced by 

20Vtm. The MMI coupler could be used to both simultaneously split the input and space the 

output waveguides (such that the waveguide width is given by W=20N Vtm). The quadratic 
dependence of the MMI width on the length has already been highlighted. As such it may be 

shown that designing the MMI in this way would lead to coupler lengths in excess of 5mm. 

Also the fabrication difficulties in maintaining the MMI width to sub-micron accuraracies 

(which are predicted by equation 4.19) for such long MMI lengths make the coupler unfeasible. 

In order to design an MMI coupler which is a lot more fabrication tolerant, the MMI width 

must be reduced along with the output waveguide separation. S-Bend waveguides may then be 

used in order to separate the output waveguides to the required 20ýtm. The design of these 

bends are discussed in the next section. 

It may be observed from equations 4.19 and 4.20 that both the width tolerance, 6W, and 

wavelength bandwidth, R, of an MMI coupler is increased as the MMI width, W, tends to zero. 

Thus the smaller the MMI is made the more fabrication tolerant it becomes and the larger its 

operating bandwidth. It is also extremely advantageous to make the MMI width as small as 

possible in order to make the MMI length as small as possible, as described by equation 4.18. 

The limiting factor in reducing the MMI width has been shown to be that at least N modes are 

required to propagate in coupler to achieve efficient splitting to the outputs [37]. Since, here the 

MMI waveguide is so strongly guided this criteria is almost always satisfied, and the limiting 

factor imposed on the MMI width is the photolithigraphic process in fabricating the output 

waveguides. If it is assumed that 2gm is the minimum gap between output waveguides in the 

coupler (I gm is achievable with current g-line resists [42], however this is extremely difficult), 

then a 1x4 coupler requires an MMI width of exactly 16gm. This leads to an MMI length of 

132±3.3ýtm over which a width tolerance of 6W=0.25ltm is required and results in a 

wavelength bandwidth of 6X=80nm. 
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4.4.3 Bend design and optimisation 

Figure 4.23 S-bend design and optimisation 

The use of S-bends is a standard technique for separating the outputs from all MMI 

coupler. Two arcs of equal radii, R, can form an S-shaped curve as shown schernatically in 
figure 4.23. However, a waveguide bend formed by the arc of a circle is a very cornplicated 
structure that requires careful optimisation. 

Firstly it can be shown that the optical mode propagating in a curved waveguide is 
skewed towards the outer edge of the bend [43], as shown in figure 4.23. Thus in order to 
design low loss S-Bends, so that there is efficient coupling between each bend, it is necessary 
to calculate the amount of skew and offset each waveguide by the correct amount [44]. 

Alternatively, S-bend designs may be used that do not require offsets (such as Cosine and 
Linear/Sine [45]) which work by gradually changing the radius of curvature adiabatically. In 

this case, since the S-bends are so strongly guided, the waveguide offset required to improve 
the coupling efficiency drops below 0.1ýtm [40]. This offset is too small to be fabricated by 

current photolithographic methods, as such a may be ignored. 

Secondly, unlike a straight waveguide a bend will always incur an optical loss apart 
from material absorption [46]. In order for the optical mode to propagate around the bend, the 

outer tail of the modal field must travel a further distance in order to remain in phase with 

propagating mode. This is not possible unless the radial refractive index profile is optimised to 

compensate for the extra path length [47]. In practice changing the refractive index radially is 

not possible, thus the outer tail radiates as the mode propagates around the bend. The amount of 

radiation depends on the amount of power in the tail (which depends on the guiding strength 

and waveguide width) and radius of curvature of the bend. Indeed, if the radius of curvature is 

below a critical value, R, known as the cutoff radius of curvature, even the zero order mode of 

the guide may be cutoff and no light may travel around the bend. However, providing the 

radius of curvature is large compared with R,, the propagation losses can be reduce to an 

acceptable level. Several methods may be found in the literature in order to calculate the bend 

loss [46,48-. 50]. No attempt is made to calculate the exact losses of waveguide bends using the 
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methods referenced above. Instead a calculation described by [5 1] is used in order to determine 
the cutoff radius of curvature Rco for the guide described here. This is given by [5 1] 

Rco = 
ncored 

(4.21) 2(n, ff - nsub ) 

where n,,,, is the refractive index of the waveguide core (3.282), d is the waveguide width 
(2ýtm), nff (TEO=3.177, TMO=3.174) is the effective index of the zero order mode in the 

equivalent straight waveguide and n,,, b is the substrate refractive index (3.157). Equation 4.21 
leads to a cutoff radius of curvature of approximately 190ýtm for both TE and TM polarisations. 
As such S-bends with radii of curvature varying from 100grn to 500[im. have been used in the 

crosspoint designs. 

4.5 Device Size 
Parameter Optimised Value 

-- ------------ - ---- - Shallow Etched Waveguide Depth, e 1.20±0.05[tm 
Shallow Etched Waveguide Width, d 3.0±0.25[tm 

Waveguide Separation in the matrix, s 20ýtm 
Deep Etched Waveguide width, d 2ýtrn 

Mode Converter Width, D 5.5±0.5ýtm 
Mode Converter Taper Length, L 100[tm 

MMI Width, W 16.00±0.25ýirn 
MMI Length, Lmm, 132±3gm 

S-Bend Radius of Curvature, R, >190[tm 
Table 4.1 Summary of optimised device parameters 

The various device parameters discussed in the preceding sections have been 

summarised in table 4.1. These parameters may then be used to determine the theoretically 

predicted size of an NxN device. It may be shown that the approximate device width, Dy, may 

be described very simply by the equation 

Dy = SN2 (4.22) 

It should be noted however, that although this is the minimum possible cross-connect size, 

practically devices are fabricated with a 250ýtm centre to centre input/output waveguide 

separation. This eases fibre coupling since ribbon fibre may be used to couple in and out of the 

device. Thus this equation only holds when Dy>250N (ptm), which has been plotted in figure 

4.24. The device length however, cannot be described by such a simple formula and requires 

more explanation. It may be shown that D, may be approximated by the equation 

D, =2A+E+4L+2 
nff (2Nd)2 

+2 2R[ sN]+[sN ]2 
+ sN 2 (4.23) 

N?, 22 
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where the first and second terms containing A and E represent the length of the semiconductor 
amplifier and electroabsorption modulator sections (assuming A =500ýtm, E=100gm). The third 

and fourth terms represent the lengths of the mode converter and a IxN MMI coupler. It inay 
be shown that the fifth term corresponds to total S-bend length as a function of N (R=500ýtm), 

and the final term represents the approximate length of the waveguide matrix. This function has 
been plotted together with Dy in figure 4.24. 
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Figure 4.24 Theoretical prediction of device size with device order 
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It should be noted that in this architecture both the device width and length increase as 

the square of device order N. Also, as discussed in Chapter 2, the smallest InP based 4x4 

broadcast switch reported to date measures 7x3mm 2, an order of magnitude in area larger than 

the device reported here. Indeed, ten (and a half) 4x4s or a 12xl2 cross-connect implemented 

using this architecture would occupy a similar wafer area. 

4.6 Conclusions 

The NxN crosspoint design parameters have been optimised in the preceding sections, 

which have been summarised in table 4.1. These parameters have been used in order to predict 

the device size as a function of device order, N, as plotted in figure 4.24. They have also been 

used to fabricate several test structures in order to validat e the theoretical calculations made in 

this chapter, a discussion of which is given in chapter 5. These test structures allow the losses 

of each of the components in the device to be analysed independently and enable a prediction 

of the final device performance to be given in chapter 6. 

Dy 
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Dy 
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5.1 Passive 4x4 Waveguide Crosspoint Fabrication 

C hapter 4 has theoretically analysed the waveguide crosspoint switch architecture 

proposed in chapter 2. In this chapter several test structures are discussed which have 

been designed andfabricated in order to justify the theoretical calculations made in chapter 4. 

The fabrication procedure is first discussed, outlining the problems associated with multi-level 

mask alignment and dry etching of InP waveguide turning mirrors. Various test structures are 

proposed which separate out the various aspects of the device design. Finally the process used 

tofabricate the test structures will be given, along with the results of vertical deep etching. 
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5.2 Fabrication Tolerant Processes design 
5.2.1 The SeýfAlignment Process - the TIR waveguide mirror 

It has already been discussed that the device drawn schematically in figure 5.1 requires 
regions of both shallow (light grey) and deep etching (dark grey). Theoretically it has been 

assumed that the alignment between these regions is exact, however practically this is not tile 

case. Thus, before developing a photolithographic mask and fabrication process for the 

crosspoint, the problems associated with multi-level mask alignment need to be addressed. 
These issues may be discussed more clearly by examining the fabrication of the waveguide 
turning mirrors [I] in the waveguide matrix (figure 5.2). 

Figure 5.2 Se4fAlignment of the deep Mirror Etch with the Shallow etched ridge waveguide 

The performance of the TIR waveguide turning mirror has already been given in 

chapter 4. It has been discussed that theoretically if the deep etch is aligned perfectly with the 

shallow etched ridge waveguide with no roughness, then the loss of the mirror can be as low as 

0.08dB [2]. However, practically because both the shallow etch and deep etches must be done 

in two separate processing steps, the accuracy to which both etches may be aligned to one 

another is limited to the mask alignment used in the second step. Currently, photo I ithograph ic 

mask alignment is limited to of the order ±0.5ýtm. Therefore, after processing, the deep etch 
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Figure 5.1 Schematic diagram ofproposed 4x4 InP Crosspoint design 
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may lie anywhere within the area indicated by the dashed line shown schematically in figure 
5.3. Thus it may be observed that the incident mode is reflected off axis to the output 
waveguide and a loss of many dBs may be incurred [2,9,11]. 

Deep Etched Mirror 

Shallow Etched Waveguide 

Figure 5.3 Loss incurred to a TIR mirror due to Mask Alignment error. 

This problem can be resolved by the use of a process called self alignment [3]. In this 

method of fabrication a mask is first patterned on the wafer which is resistant to both the 

shallow and deep etch, as shown schematically in figure 5.4. This 'self alignment mask' 

remains on the wafer through the entire fabrication process. Thus by etching over the resistant 

mask, self alignment can be achieved between different separate processing steps. This is 

demonstrated schematically in figure 5.4 in the case of the TIR mirror. During the mask design 

the deep etch window is positioned such that it is offset by the expected mask alignment error. 

Thus after fabrication, the deep etch is always aligned to ridge waveguide. 

Mask Design 

Metal Self 
Alignment Mask 0.5um offset introduced 

to mask design to compensate 
for mask alignment error 

Figure 5.4 TIR mirror design using a seýf alignment mask. 
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5.2.2 The SetfAlignment Process - the Tapered Mode Converter 

A 

Deep etch Mask Window 
Shallow Etched 
Ridge Waveguide 

Linear Waveguide 

Mask Alig=ent 
Error 

Figure 5.5 Se4fAlignment used in the tapered mode converter 

There is one other area of the crosspoint where exact alignment is required between the 
deep and shallow etch. This is in the taper mode converter which provides low loss coupling 
between the regions of strong and weak guiding. Self alignment can also be used here to good 

effect in order to alleviate the problems due to mask alignment error as shown schematically in 
figure 5.5. A small linear waveguide region is used in-between the shallow and deep etch 

region. The deep etch mask's length is reduced such that the edge of the deep etch window will 

always be positioned somewhere on the linear waveguide owing to mask misalignment. This 

misalignment will introduce a small loss, L, owing to the field initially coupling to a shallow 

etched multimode waveguide, instead of the deep etched waveguide, which may be estimated 

from the equation [4] 

L=1- 
ýl + 4Z2 

1+5Z' +4Z4 

2kA 
where Z -- 

eff 0 

(5.1) 

where A is the mask alignment error, and wo is the best matched zero order Hermite Gaussian 

beam to the optical field propagating in the shallow etched waveguide. This function has been 

plotted for TEOO mode for various waveguide parameters in figure 5.6. 

It may be observed that for an alignment error of ±0.5ýtm and hence O<A<Iýtm, the 

theoretical excess loss incurred due to mask misalignment is of the order of -0.0 1 dB, over the 

entire erbium window. This contribution is negligible compared to the other losses in the 

device and so may be ignored. 

It has therefore been shown in this section, that by a combination of self alignment and 

the use of subtle alterations to the deep etch mask design, a fabrication tolerant process can be 

developed in order to overcome the limits of mask misalignment. The next section discusses in 

more detail test structures that have been fabricated in order to analyse the design of the device, 

after which the exact fabrication procedure used to construct the test structures will be 

discussed. 
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Figure 5.6 Excess Loss of the Mode Converter Owing to Mask Misalignment (TEoo) 

5.3 Outline of test structure components 

Test Structure Technical Specification 

Crossing Loss Waveguides with various numbers of crossings 5,10,15,20,25 ..... 45,50. 
Crosstalk Analysis, waveguide separations 5,10,15,20,25gm 

TIR Mirrors 8 TIR mirrors BT design 
20ýtm centre to centre waveguide separations 

MMIS lx4 Waveguide Length 131,134,136,138,141gm 
lx8 Waveguide Length 265,268,270,272,275[im 
(Mode Converter width 5.5gm, Taper Length I 00ýtm) 

Tapers Taper Lengths 20,50,70&100[tm (Mode Converter Width 5.5[tm) 
Mode Converter widths 4.5,5,5.5,6,6.5 [tm (Taper Length I 00ýtm) 

S-Bends S-Bend radius of curvature 100,200,300,400,500[tm 
(Mode Converter width 5.5 gm, Taper Length I OOgm) 

Tahle 5.1 Summary of the Test Structure Designs 

The final crosspoint device requires the monolithic integration of many integrated 

optical components which have been optimised theoretically in chapter 4. However in order to 

validate these theoretical predictions, several test structures have been fabricated in order to 

separate out the various aspects of the device design. The -following paragraphs outline in more 

detail the purpose of each individual passive component with the technical specifications 

outlined in table 5.1. The main aim of the components is optimise two aspects of the crosspoint. 

These are firstly the MMI couplers which include the mode converters and S-bend waveguides 

and secondly the waveguide matrix which consists of a large number of waveguide crossings 

and TIR waveguide mirrors. 
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5.3.1 Optimisation of the waveguide matrix 

Figure 5.7 Mask Designfor the assessment of crossing loss and waveguide crosstalk 

The waveguide matrix consist of two basic components which may have an effect on 
the crosspoint performance, namely waveguide crossings (of which there are many) and the 

waveguide turning mirror. Firstly the crossing loss in the matrix is examined by the test 

structure shown in figure 5.7. The component consists of many straight waveguides with an 
increasing number of 90' crossings varying from 5 to 50 in increments of 5. Also included are 

waveguides with different centre to centre separations (5,10,15,20,25ýtm) in order to 

calculate the optical coupling between the guides. With respect to the waveguide turning 

mirrors, figure 5.8 outlines a test structure which allows measurement of mirror loss, but also 

whether the mirror can be placed between two parallel running waveguides. It may be noted 
from the mask design of the complete device (figure 5.1), that mirrors have been placed in 

order to maximise the number of waveguide crossings. This has been done since the truncation 

effect of placing mirrors between guides is unknown. This test structure therefore allows 

calculation of any detrimental performance on the mirror position. 

Figure 5.8 TIR Mirror/Waveguide Proximity Effects 
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5.3.2 Multi-Mode Interference couplers 

a) 

6206 

.1 

Rfflll 

1M 

ýý 

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

.......... .. 

Figure 5.9 Tapered Mode Converter test structure (left) and S-Bend (right) 

The second most important aspect of the crosspoint is the MMI splitter used on the 

input and output of the device. The coupler is a very complicated structure since it consist of 
three main components namely the tapered mode converters, S-Bend waveguides and of course 
the MMI itself These three constituent parts have therefore been separated into different test 

structures in order to analyse the contribution from each component. Firstly figure 5.9a outlines 

the mask design for the tapered mode converter optimisation. The components simply consist 

of aI mm long deep etched 2ýtm waveguide, which are addressed either side by a straight ridge 

waveguide followed by a deep etched tapered waveguide (as drawn schematically in figure 

5.6). Taper lengths varying from 20 to I 00[tm are included along with different mode converter 

widths which range from 4.5 to 6.5ýtm in 0.5ýtm steps. These structures therefore allow 

optimisation of the mode converter design. A large number of straight waveguldes are also 

included between each mode converter design so that the straight ridge waveguide losses may 

be determined. 

The radius of curvature used in the MMI S-bend waveguides may be optli-nised by 

using the components drawn in figure 5.9b. Each test structure is almost identical to the tapered 

mode converters discussed above, however an offset of 20ýtm is introduced between input and 

output ridge waveguides by a 2ýtm waveguide bend. The radius of curvature of each bend is 

varied from 100,200,300,400 and 500ýtm whilst the mode converter design is kept constant 

(100ýtm taper, 5.5Vtm mode converter width). Loss measurements on this component allow the 

minimum radius of curvature used in the crosspoint to be assessed. 
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Figure5.10 lx4 and lx8 MMI Length optimisation 

Finally both lx4 and lx8 MMI designs have been fabricated, in order to predict the 

performance of both a 4x4 and 8x8 crosspoint switch (as shown in figure 5.10). The same mode 

converter design and S-bend radius of curvature is used in all coupler designs (as defined in 

table 5.1) so that the sole loss contribution from the MMI may be calculated. A standard 
technique for determining the optimum MMI coupler design is to vary the MMI length whilst 
keep the MMI width constant [5]. This 'tuning' is required since the absolute refractive index 

of the wafer and the MMI etched width tolerance is unknown. Therefore MMIs with various 
lengths are included on the mask ranging from 141-13 1 ýtm for the lx4 coupler and 265-275ýtm 

for the Ix8 coupler. These length tolerances have been determined by assuming a 10% error in 

refractive index and a 0.5ýtm error in MMI width. 

5.3.3 Passive 4x4 Crosspoint Switch 

Figure 5.11 Passive 4x4 crosspoint splitter 

Finally, the complete passive 4x4 crosspoint drawn in figure 5.11 is included on the 

mask plate in order to assess any fabrication problems associated with the final device. Four 

copies of the device are included, each with a different MMI length. This allows an exact 

determination of the fibre to fibre loss incurred by the architecture, which may then be 

compared with sole loss contribution from each constituent component. A discussion of these 

loss measurements will be given in chapter 6, however for now, the remaining aim of this 

chapter will be to discuss the fabrication of the passive devices along with the etching 

tolerances achieved. 
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5.4 Fabrication Procedure 
5.4.1 Background Information 

The procedure used to fabricate the test structures is an extension of a process 
developed by BT Research Laboratories, Nortel and Glasgow University under the EPSRC 

21310 grant in the mid 1990's [6]. It was found that thedifficulty in fabricating low loss InP 

mirrors is achieving vertical side-walls with a smooth surface. Verticality may be achieved by 

dry etching with a methane hydrogen mixture and the addition of small quantities of Oxygen to 

remove polymer deposition [7]. However, roughness introduced onto the mirror is much more 

of a problem. It was found that the method used to initially transfer the waveguide pattern to 

the wafer, is critical in determining the sidewall roughness of the fabricated mirror [8]. Any 

kind of corrugation or roughness in the etch mask immediately superimposes itself on the 

etched mirror which increases the loss of the mirror dramatically [9,2,11]. Unfortunately 

many types of commercially available photoresist produce rough corrugation of the order of 

0.1ýim on their edges (for example AZ-1350J [8]). In the electronic fabrication industry (for 

which they were developed) this poses no problem. However, when fabricating optical 

waveguides where the wavelength of light in the InP is of the order of 0.5ýtm, the losses 

incurred by scattering prohibit their use. As such, existing processes have used direct write in 

order to alleviate mask roughness. A thin layer of PMMA (-200nm) is used as the photo- 

reactive material and the waveguide pattern is transferred to the wafer by direct write with an 

E-Bearn Writer. This process is extremely labour intensive, since it may take many hours to 

write an entire wafer and is no good for larger scale production. 

Many authors have however, recently succeeded in fabricating deep etched MMIs and 

TIR mirrors using conventional UV contact lithography. This has been achieved by initially 

applying a silicon dioxide (or silicon nitride) mask prior to exposure [10-13]. The silicon 

dioxide layer not only acts as an Anti-Reflection (AR) coat which improves the accuracy of the 

pattern transfer, but it is also thought that the dry etching of the Si02 prior to the semiconductor 

minimises the mask induced roughness. Recently, it has also been found that dry etching a 

metal Titanium film and Silicon Nitride as a combined mask for deep etching provides better 

sidewall smoothness [14]. Figure 5.12 therefore illustrates a process which has been developed 

for the crosspoint in order to accommodate UV contact lithography with the self alignment. 

Initial process development and fabrication of the test structures was carried out during a three 

month placement at Department of Electrical Engineering at Glasgow University. However, 

owing to logistical and time constraints the final devices were completed by Dr. Yahong Qlan. 

The exact fabrication process has been discussed in more detail in the following section. 
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Deep etch mirrors and MMIs 

8. Define deep etch regions with resist 
9. Evapourate Titanium mask 

Shallow etch waveguides 

10. Remove Photoresist. 11. CH 4 /H2/02 dry etch samples 

12. 
SiCl, dry etch Titanium 13. CH4/f'2/02 dryetchsamples 14. Remove Silicon Nitride h) ýýct etch (I IF) 

Figure 5.12 Fabrication procedure developedfor the Crosspoint Test Structures. 

A MOVPE wafer grown at Sheffield University (wafer No. MR1007 specification 

given in chapter 4) was cleaved into approximately 10mm square pieces. The samples were 

cleaned in an ultra-sonic bath for 5 minutes with three independent solvent steps (Optoclear, 

Acetone, Methanol), followed by a5 minute de-ionised water rinse. After blow drying with a 

filtered air gun, the samples were baked on a hot plate (100'C) for 10 minutes to remove any 

residual water. 500nm of silicon nitride was deposited by PECVD (Plasma Enhanced Vapour 

Chemical Deposition) followed by electron beam evaporation of 150nm of Titanium. A further 

hot plate bake (100'C 10 minutes) was used to dry the samples before 0.5ýtm of Shipley series 

1800 resist was deposited onto the wafer by spinning (Primer; 10 second 40OOrpm, S1805 30 

seconds 40OOrpm). The resist was then baked (90'C 30 minutes) before the light field 

waveguide mask was used to expose the resist at 450nm for 4 seconds on a Karl Suss MJB3HP- 

UV400 Mask Aligner. Standard Shipley developer was used to form the waveguide pattern 

(50: 50 Developer/H20,75 seconds) followed by a5 minute de-ionised water rinse, blow dry 

and post bake (120'C 30 minutes). A subsequent SF6 andC2176dry etch step were used to etch 

the Ti and SiN respectively which completed the self alignment waveguide mask. 

The deep etched regions of the components were then fabricated as follows. A titanium 

mask was first deposited by lift off to protect the shallow etched regions of the wafer during the 

deep etch run. This was achieved by a UV contact lithographic process step using S 1813, with 

the light field deep etch mask was used to highlight the deep etch regions. 100nm of evaporated 

titanium was then deposited on the samples, followed by lift off in acetone to mask the shallow 

etch regions. The InP wafer was then dry etched (machine ET340, CH4 3.6sccm; H2 26.4ccm; 
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02 0.4sccm, pressure unthrottled, power IOOW) for 40 minutes to a depth of approximately 
2ýxrn (etch rate -50-55nm/minute). 

Finally the deep etch titanium mask was removed by a SiC14 dry etch step and a second 
12 minute methane/hydrogen/oxygen dry etch run defined the shallow etch waveguides. The 

silicon nitride self alignment mask was then removed by immersion in a silicon dioxide etchant 
(1: 4 Hydrofluoric Acid: Ammonia) for 30 seconds followed by a5 minute de-Ionised water 

rinse and blow dry. The samples were then cleaved using a RA120 GaAs Karl Suss scriber at 

the University of Bristol, and tested using the experimental set-up discussed in chapter 6. The 

fabrication quality has been discussed in the next section along with the etching tolerances 

achieved and the devices fabricated. 

5.4.3 Fabricated Devices and Etching quality 

+-.. ) zi 

zi 

*i vý CA vý :i 

Ln -4. ý +ý -4. -4 

Waveguide Mirrors 

off-c ut 4x4 4x4 4x4 

Figure5.13 Position of'InP passive test components on sample MR. 1007-B 

The processed InP sample MR1007-B was cleaved up into three chip types before 

assessment as outlined in figure 5.13. These InP chips were termed - a) the test structures, b) 

the waveguide turning mirrors, and finally c) the 4x4 passive crosspoint, which are discussed as 

follows 

a) The test structures 

IA MMIS S-Bends IA MMIs 

Crossine, Loss Mode Converters 

Figure5.14 Cleaved InP chip contain ingfive test structure components -'test structures' 
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The test structures consisted of five different components as labelled in figure 5.14. A 
complete set of four test structure chips were obtained after cleaving, which measured 
approximately 1.5mm by 7mm. Combining all five components onto a single chip in this way 
drastically reduced the amount of cleaving required and also speeded up assessment and 
allowed easier tweezer handling of each component. 

b) The waveguide tuming mirrors 

Figure 5.15 Cleaved InP chip containing a total of 24 TIR waveguide mirrors 

The waveguide turning mirrors were separated from the above test structures onto a 

separate chip as photographed in figure 5.15. The chip measured approximately 4.5mm by 

0.5mm and contained a single path on which a total of 24 TIR waveguide mirrors were formed 

in a square tooth. By cleaving this chip into smaller lengths containing 2,4,6,8 and 12 

waveguide mirrors allowed a more accurate determination of the TIR mirror loss (as discussed 

in chapter 6). This method also allowed the absolute waveguide loss (in dBs per centimetre) to 

be determined from the straight waveguides, which lie along side the mirrors, by the cut-back 

method [ 15]. 

c) The passive 4x4 crosspoint 

Figure5.16 Fabricated 4, Y4 passive test structure 
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Finally, the full 4x4 passive implementation of the crosspoint was fabricated along side 
the test components in order to asses any problems associated with its fabrication. Figure 5.16 

shows a photograph of the final 4x4 cleaved chip. The device measured approximately 2mm by 

1.5mm (which was not optimised). It should be noted that each input has been labelled from A 

to D, whilst the outputs have been number I to 4. This allows the corresponding input/output 

paths to be discussed more easily in chapter 6, for example Al, B3 etc. Scanning Electron 

Microscopy (SEM) of this device on an Hitachi S-800, allowed a more accurate determination 

of the etching quality achieved by the processing. By SEM imaging one of the mode converters 

in the crosspoint (as shown in figure 5.17), several important features relating to the etch 

quality may be highlighted. Firstly, there is significant waveguide rounding apparent between 

the shallow ridge/deep etched taper. This is a consequence of the diffraction limit of the UV 

contact lithographic process used to transfer the initial waveguide pattern to the substrate which 

cannot be improved. Secondly, a grassy floor is obtained in the deep etched region owing to the 

Methane/Hydrogen/Oxygen etch used to fabricate the device [6]. Finally a very thin layer of 

polymer has also been deposited in a 'fence' around the deep etched window. 

Figure 5.17 
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Initially it may also appear that the waveguide core is clearly visible along the taper 
and shallow to deep etched boundary. However, it was found that this is in fact, an artefact of 
the multi-step etching used to fabricate the deep then shallow etched waveguides. This line 
actually indicates the peaks of the grassy floor which has been 'mowed' along the deep etched 
walls during the second (shallow) etch step. Indeed it was found that it was impossible to 
distinguish the core from the cladding by changing the orientation of the samples in tile SEM. 
This indicates good deep etching uniformity, since, in a non optimised etching process, the core 
is often found protruding from the cladding layers, which makes for lossy TIR mirrors. Other 

parameters measured using the SEM included the deep etching verticality, which was measured 
on an off-cut sample to approximately V (see figure 5.18a), whilst sidewall roughness was 
visually comparable to SEMs of TIR mirrors currently reported in the literature [2,9,11 ]. 

Finally the various fabricated waveguide dimensions such as shallow etch depth and 

waveguide widths were measured using the SEMs shown in figure 5.18. It should be noted that 

all the mask designs for the passive devices were oversized by 0.5ýtm. This was done in order 

to compensate for linewidth errors introduced by the photoresists and undercutting of the 

etching process. The fabricated shallow etched wavegulde width was measured to 3.2PLm 

(which corresponded to a linewidth error of -0.3ptm), whilst the deep etched waveguide width 

was measured to 2ýtm (which corresponded to a linewidth error of -0.5ptm). A more critical 

waveguide parameter is the ridge waveguide etch depth. However it has already been shown in 

figure 5.17, that identifying the exact position of the waveguide core is difficult since the etch 

uniformity is so good. Therefore an off-cut sample was etched for 2 minutes in a proprietary 
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NiCr etchant (Acetic Acid and Ceric Ammonium Nitrate), which was found to preferentially 
etch InGaAsP (the waveguide core) compared with InP (the waveguide cladding). This allowed 
an exact determination of the etch depth above the guide which was then measured using the 
SEM to between 1.3 to 1.4gm (figure 5.18b). It should be noted that this is slightly deeper than 
required (theoretical calculations in chapter 4 pointed to an etch depth no greater than 1.2gm). 

5.5 Conclusions 

In conclusion, it has been shown that a fabrication tolerant process can be developed 

for the crosspoint in order to overcome the problems associated with multi-level mask 

alignment. This has been achieved by adopting a self alignment process and optimising the 

mask design. A number of InP passive test structures have been designed in order to optimise 

the many components included in the crosspoint architecture. These included waveguide 

crossings, TIR mirrors, tapered mode converters, S-bend waveguides and MMI couplers. A 

fabrication process has been developed in order to accommodate self alignment along with UV 

contact photolithography. Finally the full passive 4x4 crosspoint has been fabricated along with 

the test structures and the etching quality and tolerances achieved have been highlighted. 

Chapter 6 will now discuss loss measurements which have been made on the passive devices in 

order to validate the theoretical predictions made in chapter 4. 
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Monolithic Integration of Optical 
Space Switches 

Chapter 6 

6.1 Loss Assessment of the Waveguide Crosspoint 

C hapter 5 has discussed the design andfabrication of several test structures which have 

been constructed in order to optimise the waveguide crosspoint switch architecture 

proposed in Chapter 2. These test structures consisted of waveguide crossings, TIR waveguide 

turning mirrors, MMI couplers, tapered mode converters, S-bend waveguides andfinally the 

full passive implementation of the 4x4 crosspoint switch. This chapter is concerned with the 

measurement and assessment of these passive test structures. This is done in order to justify the 

theoretical calculations made in chapter 4. Finally loss analysis of the test structures allows an 

estimation of the 4x4 crosspoint performance. 
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6. ]. 1 Device loss and Near Field measurement system 
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Figure 6.1 
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Experimental Set-up used to determine passive test structure losses 

Although visual inspection of the passive devices (as discussed in chapter 5) gives an 
indication of the etching quality achieved in the fabrication process, the ultimate test is 

obtained from optical loss and near field measurements of each of the components. The 

experimental arrangement used to measure these losses is outlined in figure 6.1. A tuneable 

laser (HP8168E) was used as the reference input signal and coupled into an optical attenuator 
(JDS Series 7000) via a fibre isolator and polarisation controller. The attenuator allowed 

simultaneous measurement of the input power via the 10% monitor port and was required to 

avoid saturating the IR camera used to measure the near fields of the devices. Light was 

injected into each device via a fibre lens which was mounted on a Melles Griot piezo controlled 

XYZ stage. This allowed extremely accurate positioning of the fibre lens with respect to the 

waveguides under test (measured 6.6[tm of travel with a resolution of less than 50nm), thus 

lowering the error due to fibre alignment. The output light could then be coupled into either a 

microscope objective or lensed fibre, which were mounted side by side on a secondary piezo 

controlled XYZ stage. The lens was used in conjunction with an IR camera and a polariser to 

determine the input polarisation of the tuneable source. A visual picture of the near field of the 

device also allowed a rough indication to the alignment of the input fibre lens. The bulk lens 

could then be quickly replaced with the fibre lens by operating a translation stage, and the 

output piezo control was used to finely align the output waveguide with the use of a second 

power meter. As such, the throughput fibre-to-fibre loss incurred by the passive components 

could be accurately determined. 
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6.1.2 Loss and Near-field measurements of the ridge waveguides 

Figure 62 Near fields of the 3.2ýtm wide shallow etched ridge wavegulde (1(-, Jt) and 2. Oýtfn 
wide deep etched waveguide (right) showing single mode TE operation 

The first measurements taken with the passive components were near fields of straight 

waveguides using a x40 Melles Griot microscope objective and the IR camera. This allowed 

verification that the waveguide designs were single moded as suggested by the theory given in 

chapter 4. The input polarisation was determined by placing a 1550nm bulk TE orientated 

polariser in front of the IR camera and adjusting the polarisation controller in order to achieve 

maximum throughput for TE or minimum in the case of TM. It was found that greater than 

IMB isolation could be achieved between TE or TM using this method (>95%), which was 

calculated by replacing the IR camera with a broad area power meter (HP8153A). A video 

capture system was used to photograph the near fields of both a 3.2ýtm wide shallow etched 

ridge waveguide (left) and a 2.0ýtm wide deep etched waveguide (right) for a TE optical input 

at 1550nm. Figure 6.2 indicates that both waveguides were single moded in operation which 

agrees well with the theoretical calculations made in chapter 4. 

The first indication of material and etching quality is given by the loss of a straight 

ridge waveguide in dBs per centimetre. This figure of merit was determined using the cut-back 

method [I], whereby the fibre to fibre loss of a straight waveguide was measured as a function 

of chip length. These measurements were taken at wavelength of 1550nm and are plotted in 

figure 6.3. A least squares fit to the data resulted in a gradient and waveguide loss of 

approximately 5±2dB/cm for both polarisations. This is quite a high figure for an InP ridge 

waveguide, indeed guides have been reported with losses as low as 0.5dB/cm which is an order 

of magnitude lower [2]. However, it was shown in chapter 5 that non optimum processing 

resulted in etch depth of almost 1.4ýtm. This value is very close to the guiding layer and 

therefore the optical mode, which has increased optical scattering and has resulted in an 

increased waveguide loss. 
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Figure 6.3 Measurement of the straight ridge waveguide loss using the cut-back method. 

Two other important details may be noted from figure 6.3. Firstly, it would appear that 

there is a certain amount of measurement error for each waveguide length tested (although this 

is more evident in later graphs, especially figure 6.4). Indeed an error on each fibre to fibre 

measurement of ±0.5dB was estimated from the standard deviation of fifty 1.5mm long 

waveguides. This uncertainty was attributed to the error in the coupling between the fibre lens 

and the devices. Secondly, the fibre to fibre coupling loss associated with each measurement 

may be inferred from the intercept of figure 6.3. This corresponds to a value of 9.9±0.3dB for 

both TE and TM polarisations. Approximately 3dB of this was associated with the 33% Fresnel 

reflection at both input and output facets whilst the remaining 3.5dB (x2) was due to the optical 

mode mismatch between lensed fibre and InP waveguide. 

The various other crosspoint components were subsequently tested by comparing the 

fibre to fibre loss with that of a straight waveguide. This allowed the fibre coupling and losses 

due to waveguide scattering to be subtracted so that the sole excess loss contribution from each 

component could be determined. Before discussing the ftill passive 4x4 crosspoint loss, its 

constituent components are first examined. This has been discussed in two separate sections, 

measuring firstly the performance of the waveguide matrix and then secondly the MMI 

couplers. These measurements will allow an estimation of the performance of the 4x4 

crosspoint before finally assessing its overall loss experimentally. 
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6.2 Analysis of the Waveguide Matrix 
6.2.1 Loss measurements of the waveguide crossings 
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Measurement of the waveguide crossing loss (left) and SEM of a waveguide 
crossing (right) highlighting photolithographic rounding. 

The waveguide matrix is central to the crosspoint performance, connecting every input 
to every output. It consists of a number of straight waveguides, TIR waveguide mirrors and a 
large number of waveguide crossings (as shown by the SEM in figure 6.4b). Its performance 
has been investigated with two components, namely the TIR waveguide mirrors and the 

waveguide crossing test structures. Firstly, figure 6.4a shows the loss measurements on the 

crossing loss test structure. This figure shows more clearly the error associated with the fibre to 

fibre loss measurement (±0.5dB). The best fit straight line has been included on the graph for 

TE (black) and TM (grey). At first sight the TM loss may appear to substantially larger than the 

TE polarisation. However statistical regression analysis on the data [3] resulted in a loss per 

crossing of 0.03±0.02dB for TE and 0.05±0.02dB for TM which are statistically consistent. 

These losses are slightly higher than the theoretically calculated values made in chapter 

4 which predicted a value of approximately 0.015 for the waveguide examined here. This 

discrepancy was attributed to rounding at the crossing as shown in the SEM in figure 6.4b. An 

effect caused by the resolution limit of the photolithography process used to fabricate the 

crossings. The resultant corner rounding causes more of the optical field to be scattered at the 

crossing, which has not been considered in the theory given in chapter 4. However, it should be 

noted that this has no detrimental effect on the crosspoint architecture. The measurement still 

shows that the crossings introduce an excess loss of just 0.8±0.3dB (16 crossings) for the entire 

4x4 crosspoint which is negligible. 
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6.2.2 Loss measurements of the waveguide turning mirrors 

-10 

-15 

20 

-0 
-25 

0) 
$1 

-30 

-35 
Figure 65 Measurement of the waveguide TIR mirror lossfor TE and TMPolarisations at 

1550nm. 

The mirror losses were determined from the waveguide turning mirror device discussed 

in chapter 5. The chip was cleaved up into several sections so the fibre to fibre loss could be 

measured in terms of number of waveguide mirrors. These results are plotted in figure 6.5 

along with the least squares best line fit for both TE and TM polarisations at 1550nm. The 

gradient of the line corresponds to the individual mirror loss which was calculated to be 

1.62±0.08dB for TE and 1.73±0.07dB for TM. This is a typical value reported in the literature 

(TE loss 1.5dB from [4]) and indicates that the vertical etching technology is adequate. The y- 

intercept of each line indicates the fibre to fibre coupling loss which agreed with the previous 

result of 9.9±0.3dB measured from the straight ridge waveguide analysis. 
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6.3 Analysis of the MMI Couplers 
6.3.1 Near-field measurements of the MMI Couplers 

20ýtm 

Figure 6.6 Photographed TE nearfields of a lx8 (265ýtm) and R4 (length 138ýtln) MMI test 
structures 

Assessment of the Multi-Mode Interference couplers began with the measurement of 
the near field patterns using the same method described in the previous section. Figure 6.6 

shows two near field photographs of a 1x4 and lx8 operating with a TE input polarisatioll at a 

wavelength of 1550nm. The results were taken with a x16 Melles Griot microscope objective 

and correspond to a 265ýtm long lx8 coupler and 138ýtm long lx4 MMI. The expected number 

of outputs appear on the camera spaced by exactly 20ýtm. The observant reader may notice a 

slight variation in output power on each port. This effect was attributed to Fabry Perot cavities 

being set up between the input and output cleaved facets. Changing the input wavelength by a 

few nanometers resulted in a 'twinkling' of the output ports caused by constructive and 

destructive interference inside the chip. The extinction ratio of these ripples can be used to 

measure the round trip loss of the device [1]. However, in the case of the MMI this effect 

implies a non uniform splitting ratio. Thus it was necessary to Anti-reflection (AR) coat the 

MMI coupler chip facets in order to remove the FP cavities and allow the effective 

measurement of coupler performance. 
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6.3.2 AR Coating of the MMI Couplers 
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Figure 67 AR Coating of test structures in order to test MMI couplers. 

Anti-reflection coating may be achieved by depositing a k/4 thick film on the device 

facets such that destructive interference from each interface causes a reduction in reflectivity 

[5]. Approximately 180nm of Ti02 (refractive index approximately 2.12) was deposited on 

each facet with a Leybold-Heraeus electron beam evaporator (at the University of Bristol). A 

silicon test sample placed in the evaporator during each run allowed an estimation of the 

achieved reflectivity. This was determined by collimating a tuneable laser source (HP8168E) 

onto the sample via a 50: 50 beam splitter and measuring the reflected power using a HP8153A 

power meter (figure 6.7a). GPIB control of both instruments allowed a measurement of 

reflectivity with incident wavelength after the system had been calibrated with a gold plated 

mirror. It may be observed from figure 6.7b that a zero incidence reflectivity of approximately 

0.4% and 1% was achieved on the front and back coated facets at a wavelength of 1550nm. The 

difference in reflectivity between each coating run was attributed to a different chamber 

pressure during each evaporation, which resulted in a different film density. It was found that 

AR coating the MMIs effectively removed the Fabry Perot cavities and therefore allowed 

component assessment by direct fibre-to-fibre measurements. 
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6.3.3 Fibre to Fibre Loss Measurements of the lx4 MUIs 
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Figure 6.8 MMI Efficiency as ajunction of MMI lengthfor TE (left) and TM (right) 
Polarisations 

The experimental set-up discussed in section 6.1.1 was used to measure the fibre to 

fibre loss of each of the five IA test structures discussed in chapter 5. These results were taken 

for both TE and TM polarisations and for all four of the MMI output waveguides. The 

measurements were first plotted in terms of MMI length. The straight waveguide loss has been 

subtracted from the measurements in order to remove the fibre to chip coupling losses. 

Furthermore the MMIs should incur a minimum of 6dB loss (for a one by four split) which has 

also been subtracted from the results. This has been done in order to determine the sole excess 

loss contribution from the coupler as shown in figure 6.8. Unfortunately a number of MMI 

waveguides were damaged and incurred higher losses than expected (circled points). 

It may be observed from figure 6.8 that there is a negligible excess loss incurred by the 

MMI splitter for both TE and TM polarisations. Indeed the figure implies that the TM 

polarisation performs with a negative excess loss. This result is of course impossible, and it is 

an artefact of the ±0.5dB error on all the fibre to fibre measurements. The optimum MMI 

length may be observed to be 136ýim which is in exact agreement with the theoretical 

predictions made in chapter 4. Indeed the MMI model discussed in chapter 4 has been used to 

superimpose a trend line on the measurement points and shows excellent agreement between 

theory and experiment. 
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6.3.4 Channel Uniformity and Optical Bandwidth 
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Figure 6.9 Perforniance of a 138ýtm long Ix4 MMI coupler for both TE and TM 
polarisations at 1550nm. 

The three most important parameters of an integrated optical splitter are excess loss, 

output power uniformity and optical wavelength bandwidth. These parameters may be more 

accurately determined by examining more closely the performance of one of the MMI couplers, 

namely the 138ýLm long device which had the best overall performance. Firstly figure 6.9 plots 

the excess loss of this coupler as a function of the output waveguide. The excess loss incurred 

by MMI appears to negligible, however taking the measurement uncertainty into account it 

must be concluded that the excess loss incurred by the coupler is at worst aI dB, or 

alternatively 0.5±0.5dB. Secondly, output power uniformity may also be deduced from this 

figure and is maintained within the experimental measurement error of ±0.5dB for both TE and 

TM polarisations. 
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Figure 6 10 Wavelength Bandwidth of a 138ýtm long Ix4 MMI coupler. 

Finally the wavelength bandwidth of the IA MMI coupler was measured by coupling 
the spontaneous emission of an EDFA (IRE Polus, EAD-60, pump current 500mA) into the 
138ýtm long device. Figure 6.10, shows the transmitted power for each of the four MMI output 

waveguides as a function of input wavelength which was measured with a UP71450A Optical 

spectrum analyser (after normalisation). A ripple of approximately 2dB was measured on all 

the MMI outputs but more importantly was also evident on a straight waveguide. The period of 

the ripples may be measured to approximately AX=30nm which corresponds to a Fabry Perot 

cavity of length 30ýtm (in air). This is approximately the distance between the fibre lens and 

chip when maximum coupling is achieved. Since the ripple response was present for both the 

straight waveguide and MMI coupler it may therefore be concluded that the effect was a result 

of the fibre to fibre measurement rather than a wavelength dependence of the MMIs. It was 

found that the effect of this external cavity could never be removed. However, visually 

comparing the MMI performance with that of a straight waveguide suggests that the 

wavelength bandwidth of the MMI is flat over the EDFA window. This agrees well with the 

theoretical curve which has been calculated from the MMI model presented in chapter 4 and 

has been superimposed on figure 6.10 (black line). 
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6.3.5 Tapered Mode converter and S-bend optimisation 
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FigUre 6.11 Optimisation of the tapered Mode Converter length for both TE and TM 
polarisations at 1550nm. 

The previous section has shown that the MMI couplers have been designed so that they 

perform with a very low excess loss. However, this has been achieved, in part, by using a mode 

converter with a very long taper length of 100ýtm and large radius of curvature S-bends 

(500ýtm). The final two test structures, namely the mode converters and S-bends enable these 

two aspects of the MMI coupler to be studied in more detail. Firstly the tapered mode converter 

test structure has been used to optimise both the taper length and the taper width. These results 

are summarised in figures 6.11 and 6.12 for a 1550mn input for both TE and TM polarisations. 

With respect to the taper length, it may be observed from figure 6.11 that there is a negligible 

increase in the mode converter loss even if the taper length is halved from 100ptm to 50vtm. A 

further reduction to 20ýtm however, does suggest that the adiabatic condition no longer holds 

and there is a measurable I dB increase in loss. This result is very important since a reduction in 

taper length in each of the four mode converters within the crosspoint would result in a 8% 

reduction in the device length. 
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Figure612 Optimisation of the tapered mode converter widthfor both TE and TM 
polarisations at 1550nm. 

The loss measurements made on the mode converter taper width are plotted in figure 

6.12 for both TE and TM polarisations. Also included are the theoretical trends as determined 

by the analysis presented in chapter 4, with the solid black line representing TE and solid grey 
line TM. Owing to the experimental error on the measurements it is difficult to ascertain 

whether the experimental data agrees with theoretical curves. With hindsight a larger spread of 

mode converter widths should have been fabricated in order to more rigorously justify the 

theoretical calculations made in chapter 4. However, it should be noted that a loss penalty of 

less than IdB was obtained for the 5.5ýtrn wide device. Combined with the low excess loss 

measurements made on the MMI couplers still indicates very good mode converter 

performance. 
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Figure 6.13 Minimum Radius of Curvature Optimisation 
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Finally, before discussing the performance of the full passive 4x4 crosspoint switch, 
figure 6.13 summarises the loss measurements made on the S-bend waveguide test structures. 

The dashed vertical line indicates the theoretical cut-off radius of curvature as calculated from 

the equation given in [6] and discussed in chapter 4. This represents the waveguide radius 

below which no light should be guided around the S-bend. During the test structure design it 

was expected that theoretical trend indicated schematically by the dashed curve would be 

obtained from experimental measurement. However, it may be observed that a trend shown 

schematically by the solid curve is more evident. This discrepancy between the theoretical 

estimate and experimental data was attributed to the simplicity of the calculation given in 

chapter 4. It should be noted that the equation used was obtained from an effective index 

approximation for a rib waveguide structure which gave an analytic expression for cut-off. 

Thus it must be concluded that the theory is not directly applicable for a deep etched waveguide 

as discussed here. However, more importantly this graph does show that the radius of curvature 

used for the MMI couplers may be reduced from 500ýim to 200gm with a negligible increase in 

loss. It may be shown that this would equate to a further 4x4 device length saving of 8%. 
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6.4 Analysis of the Passive 4x4 Crosspoint 
6.4.1 Predicted performance of the Passive 4x4 Crosspoint switch 
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Figure614 Full activelpassive crosspoint switch size as afunction of device order. 
Dashed Line : Theoretical prediction made in Chapter 4 
Solid Line : Device size calculatedfrom test structure loss measurements. 

Two very important conclusions may be drawn from the measurements made on the 

test structures. The first is the improvement in device size with device order, owing to the 

reduction in taper length and S-bend radius of curvature. Recalculating the crosspoint length, 

Dx, and width, Dy, which are given by the equations 4.22 and 4.23 reported in chapter 4, results 

in a size reduction of approximately 16%. This is highlighted in figure 6.14 where the 

recalculated size (solid line) may be visually compared with the theoretical prediction made in 

chapter 4 (dashed line). These results show a 4x4 crosspoint switch occupies I x2MM2 of an InP 

wafer. As a comparison this is less than the area occupied by eight typical DFB lasers, or in 

terms of device density, over 1500 crosspoints per 3 inch wafer, which is considerable. 

Component Loss 

Splitting 6dB 
Combining 6dB 

MMI Excess Loss 1.0±0.5dB (x2) 
TIR Mirror 1.6±0. I dB (x2) 

Waveguide Crossings 0.05±0.02dB (x 16) 
Waveguide loss 1.0±0.4dB (2mm) 

Total 19.0±0.9dB 
Excess 7.0±0.9dB 

Table 61 Predicted loss performance of a purely passive 4x4 crosspoint switch 
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A prediction of the total loss of the purely passive 4x4 crosspoint may also be inade 
from the experimental loss measurements discussed in the previous sections. This is 

surnmarised in table 6.1 where the key losses in the crosspoint have been highlighted. It should 
be noted that major loss mechanism is the splitting and combining of inputs signals, which is 

inherent to a broadcast architecture and cannot be eliminated. The second dominant loss terin is 

incurred by the waveguide turning mirrors which add over 3dB to the excess loss of the device. 

However, it should be noted that this factor was known well before the device was proposed, 

and as argued in chapter 2, the mirrors were key to making the architecture so compact. Finally 

the waveguide crossings, waveguide scattering loss and MMI excess loss contribute a further 

3dB to the device loss. Thus, table 6.1 suggests that facet to facet loss of the fabricated passive 

4x4 crosspoint architecture should be of the order of 19.0±0.9dB. Ignoring the splitting and 

combining losses this equates to an excess device loss of 7.0±0.9dB. It should be noted 

however, that the theoretical results in chapter 4 do indicate that a smaller ridge etch depth of 

1.2ýtrri would lower both the waveguide scattering loss and the waveguide crossing loss. This 

would therefore result in an even lower excess device loss of the order of 5-6dB. 

The next section discusses the experimentally measured losses of the 4x4 passive 

crosspoint test structure. This allows a comparison between the individual component test 

structure losses as given in table 6.1 and the fully fabricated 4A passive device. 
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6.4.2 Near Field Measurements of the passive 4x4 crosspoint 
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D 

Figure6.15 Photographed TE nearfields of a passive 4x4 crosspoint switch 

Near field measurements were first taken of the passive 4x4 crosspoint devices as a 
first indication of their operating performance. Figure 6.15 shows four separately photographed 

near fields operating at 1550nm (TE polarisation) which were measured with a low 

magnification x2.5 microscope objective and IR camera. The position of the optical input at the 

far end of the chip may be observed from the large circular spots interleaved between the 

outputs. This is light which has coupled into substrate modes and traversed the chip to the 

output facet. In terms of channel uniformity, it may be noted that several input/output 

combinations appear to have high losses, for example Cl, DI and D3. SEM imaging of the 

device indicated some form of waveguide damage or poor TIR mirror alignment on these paths. 

Also, it should be noted that it is incorrect to infer the performance of the device by comparing 

the intensity of the spots on different photographs, since each photograph is subject to different 

development times and input coupling powers etc. A more accurate measure of the device 

performance is achieved by a direct fibre to fibre loss measurement as discussed in the next 

section. 
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6.4.3 Loss Measurements on the passive 4x4 crosspoint 
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Figure 616 Excess loss of a passive 4x4 crosspoint switch for a TE polarised input at 
1550nm 

Finally, figure 6.16 summarises the loss measurements made on the passive 4x4 

crosspoint test structure for a TE input polarisation at 1550nm for input channel A. Each 

measurement was taken several times and suggests approximately IdB of error on each 

measurement as previously reported. A horizontal grey bar has been added to the figure which 

indicates the predicted crosspoint excess loss of 7.0±0.9dB made in table 6.1. It may be 

observed that there is good agreement between the 4x4 passive crosspoint loss and losses 

predicted from measurements made on the individual test structures. The average excess loss 

from these measurements was calculated to be 7.2±0.5dB and is indicated by the dashed line in 

figure 6.16. With regard to a full active/passive device, this loss could easily be offset by 

biasing the two 500ýtm long amplifiers positioned on both the input and output waveguides 

(typically more than 20dB gain each, 40dB total). Thus, it is expected that the final device will 

perform with net fibre to fibre gain of order of I OdB (assuming aI OdB fibre coupling loss). 
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6.5 Conclusions 

In conclusion, a complete loss analysis of the fabricated test structures has been made 
at 1550nm for both TE and TM polarisations. The measured performance of waveguide 
crossings, TIR mirrors and MMI couplers agreed (within experimental error) with the 

theoretical predictions made in chapter 4. These results also showed that a further reduction in 

size of the crosspoint can be tolerated by reducing both the mode converter taper length and S- 

bend radius of curvature. This results in a final device size of approximately I x2MM2 for a 4x4 

crosspoint, which is of the same area required to fabricate eight DFB lasers. Fibre to Fibre 

measurements on a 4x4 passive device, indicated an excess device loss of the order of 

7.2±0.5dB, which agreed well with measurements on the passive components. It was finally 

suggested that a full active/passive device is expected to perform with net fibre to fibre gain of 

the order of I OdB. 
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Monolithic Integration of Optical 
Space Switches 

Chapter 7 

ZI The Multi-wavelength Grating Cavity (MGC) Laser 

C hapter I has briefly introduced the concept Of wavelength routing in order to construct 

an NxN crosspoint switch. In this chapter, the Multi-wavelength Grating Cavity (MGQ 

Laser fabricated by BT Research Laboratories, Martlesham Heath, is used to demonstrate the 

functionality of wavelength routing. A brief introduction of the MGCfabrication and method of 

operation is given. The device is then characterised and the various parameters such as 

threshold current, grating response and lasing wavelengths are discussed The temperature 

stability of the laser will be addressed before finally the device is used to demonstrate multi- 

wavelength conversion, WDMmultiplexing and wavelength routing at 2.488Gbits/s. Thisfigure 

is currently the highest modulation rate achieved by a monolithic integrated multi-wavelength 

laser. 
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7.2 Outline of device structure andfabrication 
7.2.1 Selective Area Regrowth 

Figure 7.1 The Multi-Grating Cavity (MGQ Laser 

The Multi-Grating Channel (MGC) Laser discussed in this chapter is shown in figure 

7.1, and drawn schematically in figure 7.3. The device is an integrated InGaAs/InGaAsP/InP 

multi-wavelength laser operating around 1.55ýtm. It consists of two active gain regions which 

sandwich a passive 2DIO slab waveguide fabricated by selective area regrowth [I]. The active 

regions consist of InGaAsP/InGaAs quantum wells which lie above the quaternary waveguide 

core (as shown schematically in figure 7.2), and therefore gain is evanescently coupled to the 

propagating optical mode. In the passive region, the quantum wells have removed by the 

application of a silicon dioxide mask and the selective wet etching to an 'etch stop'. This 

consists of a very thin epitaxial grown layer (O. Igm) of n doped InP which is resistant to a 

selective InGaAs/InGaAsP wet etch used to remove the quantum wells in the upper cladding 

Regrown 
T-T) 

Figure 7.2 ActivelPassive integration using selective area regrowth on an evanescently coupled 
quantum well wafer 
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layer. This process therefore allows a very accurate etch depth control so that the wells may be 

removed without etching through to the waveguide core. In order to obtain a low loss transition 
between the active and passive region (i. e. a small refractive index step) it is necessary to 

regrow InP in place of the etched material. Since InP cannot be epitaxially grown on the silicon 
dioxide mask used to remove the quantum wells, regrowth is simply achieved by a subsequent 
InP epitaxial growth step (by MOVPE [2]) which forms the passive slab waveguide. The stripes 

and deep etched mirrors (which are discussed in the next section of this chapter) are then 

patterned onto the wafer. This is achieved by same processes used in the fabrication of the test 

structures discussed previously in Chapter 5. 

ACtive 

ýActjv, o 

Slave 
Stripes 

MQW 

Parabolic 
Mirrors Grating 

Figure 7.3 Schematic Diagram of the Multi-Grating Cavity (MGC) Laser 
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7.2.2 Device Operation 

/ 
� 

Deep Etched 
Grating Elements 

pI-, ' \ 
Figure 7.4 Operation of the 2DIO Transmission Grating 

The MGC laser integrates an InP passive grating demultiplexer section [3] with MQW 

active gain regions on the input (Master) and the four output (Slave) waveguides. Light emitted 
from the master stripe is able to diverge in the slab waveguide until it strikes the parabolic 

mirror. It is then collimated and reflected onto the transmission grating (figure 7.3). which 

consists of 32 triangular deep etched mirrors (figure 7.4). If the light is incident onto the grating 

at angle an Oi, each element splits the incident beam and introduces a path difference of 
dsinOj+dsinO, to the reflected field, where d is the centre to centre separation of the grating 

elements, and Or is the reflected angle. Constructive interference is obtained when the path 

difference is equal to an integer number of wavelengths, m, this yields the grating equation 

which is given by [4] 

sinO + sinO r -- 
mk 

dn,, 
- 

(7.1) 

whereý neff is the effective index of the slab mode propagating in the passive grating section, 

and k is the wavelength of the incident optical field. Thus light is reflected off the grating at an 

angle 0, which is dependent on the incident wavelength. A second parabolic mirror etch is 

used to focus the diffracted light towards four output waveguides which are positioned in the 

focal plane such that 0, corresponds to the wavelengths 1553,1557,1561, and 1565nm. 

Integrated Total Internal Reflecting (TIR) mirrors, as discussed in chapters 4 and 5, are then 

used to separate the guides from approximately 4-5ýtrn to 250ýLrn apart, into four electrically 

isolated 500ptm long gain regions (the slaves). The total device size is approximately 4mm 

square. 
The grating section therefore introduces four wavelength selective paths between the 

master and four slave gain regions, determined by the position of each slave on the output focal 
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plane of the focusing mirror. On biasing, providing there is enough optical gain to compensate 
for the optical loss in the grating section, lasing cavities may be achieved between the two 
cleaved facets of the device. Therefore the device can emit on up to four of the different grating 
wavelengths simultaneously, depending on which corresponding slave(s) are driven in 
conjunction with the master. 

Star Coupler 

Star Coupler 

Figure 7.5 Schematic of a phased wave uide array multi-wavelength laser C3 9 

It should be noted that several other mu Iti-wave length laser designs have been 

presented in the literature, which are outlined in table 7.1 for comparison. To date, multi- 

wavelength laser design has concentrated on the phased waveguide array demultiplexer as 
drawn schematically in figure 7.5. Its principle of operation is mathematically identical to the 

transmission grating. However the path differences are achieved using a subtly different 

technique. An array of waveguides with differing lengths are used to incur a spatial phase delay 

between two input and output star couplers. 

Ref Year Channel Spacing Number of Channels Multiplexer Modulation 
[5] 1992 -4nm 9 Rowland Grating 
[6] 1994 2.9nm 4 Phased Array 
[7] 1994 6.4nm 6 Phased Array 
[8] 1995 1.6nm 8 Phased Array 
[9] 1996 0.8nm 18 Phased Array 1.2Gbits/s 

[10] 1996 3.2nm. 9 Phased Array 
[11] 1997 1.6nm 16 Phased Array 622Mbits/s 
[121 1998 3.7nm 4 MGC 2.488Gbits/s 

Table 7.1 Multi-wavelength Lasers Fabricated to Date. 

It should also be noted that modulation has never been achieved in a multi-wavelength laser 

above 1.2Gbits/s. Indeed, to date, wavelength conversion has never before been demonstrated 

in a monolithically integrated multi-wavelength laser. In this chapter wavelength conversion is 

achieved at 2.488Gbits/s using the MGC laser using three novel configurations. Before giving a 

detailed description of this operation, the discussion of the various laser parameters will be 

given. This allows insight into some of the physics behind the laser operation. 
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7.3 Initial Device Characterisation 

7.3.1 Lasing Thresholds and operating wavelengths 
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Figure 7.6 Pulsed Light-Current Characteristics of the MGC Laser at 200C 

The MGC laser was donated by BT research Laboratories on an IC submount and 
bonded p-side up on a diamond heat sink. Initially the device was temperature controlled at 

20'C and operated with 50ns pulses and a 200% duty cycle (10ýts period) using two HP-214B 

pulse generators. Forward bias was applied independently to each slave and simultaneously to 

the master stripe, and a current of 180mA was injected into each stripe and measured using two 

current probes (Tektronics CT- 1). The laser threshold was calculated by plotting the LI of each 

channel independently (figure 7.6) by addressing the device with a bulk lens and measuring the 

lasing signal with a power meter (UP-8153A). Rotating a polariser between the bulk lens and 

power meter when driving each channel independently at 180mA per stripe allowed the 

determination of the polarisation of the lasing mode (figure 7.7). Each lasing channel of the 

MGC laser has been labelled from one to four. Subsequently, a fibre lens was addressed to the 

master facet of the device and CW lasing was observed on an Optical Spectrum Analyser (HP- 

7095 1 A) independently on all four channels (figure 7.8). These results are summarised in table 

7.2 and discussed as follows. 
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Figure 7.7 TE Lasing of the pulsed MGC Laser at 200C 
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Figure 7.8 CW Wavelength Emission of the four channels of the MGC laser at 17.5 0C 
I, n=l9OmA ; Is=190mA. 

Channel CW Lasing Master+Slave Threshold per Lasing 
Number Wavelength(nm) Threshold (mA) Stripe (mA) Polarisation 

1 1553.49 285 142.5 100% TE 
2 1557.13 312 156.0 100% TE 
3 1560.85 328 164.0 100% TE 
4 1564.51 294 147.0 100% TE 

Table 7.2 Device Performance of the MGC Laser at 20'C. 
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It may be observed from table 7.2 and figure 7.8 that the device operates in four 
wavelength channels, lasing at wavelengths of 1553-49nm, 1557-13nm, 1560.85nm and 
1564.5 1 nm at 17.5'C. Additional peaks buried in the noise floor correspond to the Free Spectra 
Range (FSR) of the grating [13], or the (M_ I)th order in equation 7.1. The device lases 100% 
TE in all channels, and there was noted an approximate I OmA increase in threshold between 

pulsed and CW operation. This was attributed to thermal heating of the active layer and 
therefore a reduction in differential gain. The approximate loss incurred by the passive grating 

section,, ot, may be inferred from these calculations of threshold current from the equation 
(ignoring scattering losses and assuming logarithmic gain) [14] 

2]Fao L In 
Ilh'U 

v+ ln(R) 
e Vno 

(7.2) 

where (assuming typical device parameters [ 15]), IF is the total confinement factor (-5%), ao is 

the logarithmic gain coefficient (2000-3000cm- L is the master/slave stripe length (500ýtm), 

Ts is the carrier lifetime (I -2ns), e is the charge on the electron, V is the active volume, no is the 

18 -3 transparency carrier density (1-2xlO CM ) and finally R is the facet reflectivity (-33%). This 

yields a cavity loss of approximately 15±3dB. Such a high value is attributed to a 3dB interface 

loss between active and passive regions which therefore translates to a 9±3dB demultiplexer 

loss which is typical [3]. It should be noted that this calculation must be regarded as very 

approximate, a more detailed analysis of the demultiplexer can be obtained by direct 

measurement when the active stripes are biased to transparency. This is discussed further in the 

next section. 
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7.3.2 Transmission Grating Response 

20dBm EDFA 

HP-6168E 
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Input Power OdBm 
Amplifier current 8OOmA 

Figure 7.9 Experimental Set-up for the determination of channel grating loss of the MGC 
laser 

The transmission grating within the MGC is the key feature to the operation of the 

device. The grating response, ct(k), was calculated in order to determine the input/output 
filtering of the device. This information is used very effectively later on in this chapter in order 

to optimise the performance of the MGC as a wavelength converter. 

A tuneable laser (14P-6168E), was first pre-amplifier with a 20dBm Erbium Doped 

Fibre Amplifier (EDFA), as shown schematically in figure 7.9. This optical signal was then 

injected into the slave side of the MGC laser using a fibre lens, and each stripe was biased 

independently just below threshold. The input signal which passes through the device was 

coupled into a second lensed fibre addressed to the master facet and measured on an Optical 

Spectrum Analyser (OSA). GPIB control of the tuneable laser and OSA allowed a relative 

measurement of the transmission through the grating section of the device. This is plotted in 

figure 7.10 (after calibration). 
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Figure7.10 Relative Transmission Grating Loss as afunction of Wavelength 
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In order to assess the performance of the demultiplexer, a figure of merit is often used 
which is termed the filter quality factor, s, [ 16] and is given by 

"ýIdB 

"ýIMB (7.3) 

where P-IdB is the full wavelength width at the -IdB point of the transmission function, and 
likewise P-IOdB indicates the width at the -lOdB point. For an ideal demultiplexer the quality 
factor has a value of I which corresponds to a top hat filter distribution. Very low values of s 
(<<0.2) indicate a very poor filtering response. It may be observed from figure 7.10 that the 
transmission grating discussed here has a calculated quality factor of approximately 0.27 
(1.5/5.5). As a comparison, table 7.3 gives a few examples of filter quality factors, such as the 
lOOGHz ITU specification for a passive demultiplexer (0.25 at -30dBs) [17], a Gaussian 

distribution, and finally the JDS Fitel TB1500B tuneable bandpass filters used in the 

experiments discussed later in this chapter. 

Device Filter Quality Factor s 
I OOGHz ITU spec. (after[ 17]) 0.50 

Gaussian 0.31 
MGC 0.27 

JDS Fitel TB1500B 0.26 
Table 7.3 Comparison offilter qualityjactors at -I OdB point 

In terms of filtering response (for which the MGC has not been optimised) the device 

performs better than a tuneable filter used in many laboratory experiments. It will be shown 

later in this chapter that the filtering ability of the MGC laser can be used to good effect when 

the device is used as a wavelength converter. However, before moving onto conversion, the 

dependence of lasing (or filtering) wavelength with temperature will be discussed. This also 

allows a more exact measurement of the wavelength channel spacing. 
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7.3.3 Temperature Stability of the MGC Laser 
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Figure 7.11 Variation ofpeak lasing wavelength of the MGC laser with temperature 

In dense WDM network systems, operating with a channel spacing of 0.8nm on the 

ITU grid, the dependence of channel wavelength with temperature is of great importance. Thus 

the variation of the MGC lasing wavelength with temperature has been measured 

experimentally to check that channel spacing or registration is maintained with temperature 

(figure 7.11). It may be observed that there is an average increase in lasing wavelength with 

temperature of 0.81nm per 10 0 C. This is a typical value found with DFB lasers [18], which 

corresponds to the refractive index change of InP with temperature [19]. The variation of 

channel spacing with temperature may be determined from this data and is shown in figure 

7.12. It may be observed that the average channel spacing of the device is 3.67nm (453GHz) 

which is maintained within a standard deviation of 50pm between 15 and 250C. 
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Figure 7.12 Variation of Channel Spacing of the MGC laser with temperature 
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7.3.4 Summary 

In conclusion, it has been shown that the MGC laser operates on four WDM 
wavelength channels spaced by 3.7nm (453GHz) with a threshold current of 140mA per stripe 
(9.3kA/cm 2) and demultiplexer loss of approximately 7dB. The device lases TE for all four 
wavelength channels with approximately -IOdBm output power at 200mA per stripe. The 
wavelength temperature dependence has been measured to 0.081nm/'C and the grating 
performance has been measured in terms of filter quality factor, s=0.27. 
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Figure 7.13 Three novel configurations for achieving wavelength conversion with the MGC 
laser. a) Multi-wavelength Conversion b) WDM Repeater c) Wavelength 
Routing 

Wavelength conversion may be achieved using the MGC laser by the process of gain 

saturation as discussed in chapter 1. If the laser is biased above threshold, the introduction of 

photons into the cavity results in a depletion of carriers available to the lasing mode. Thus the 

MGC output may be modulated by the optical input and wavelength conversion may be 

achieved. This can be realised by operating the device in three configurations as shown 

schernatically in figure 7.13. These are discussed as follows 

a) Multi-wavelength Conversion. By employing a counter propagating regime, an optical input 

injected into the master facet of the device may be wavelength converted onto any of the four 

MGC wavelengths, depending on which slave is driven in conjunction with the master. As 
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discussed in chapter 1, the ability of achieving multi-wavelength conversion is essential for 
wavelength routing applications. 
b) WDM Multiplexing. Injection of an optical input into each slave wavegulde allows 
simultaneous wavelength conversion and multiplexing to the master output stripe. This 
function is useful if for example a number of optical input signals not standardised to the ITU 

grid need to aligned before transmitting down a single optical fibre. 

c) Wavelength routing. Injection of an optical input into the master stripe of the MGC laser 

allows space switching to each output stripe, depending on which is biased. Thus a IA 

crosspoint switch is realised, which offers a full broadcast functionality. 

It may be observed from the block diagrams drawn in figure 7.13 the vast component 

saving offered by the MGC laser. It will be shown that automatic wavelength filtering of the 

optical input can also achieved along with conversion, owing to the wavelength dependant 

transmission of the grating section calculated in figure 7.10. Thus the MGC can perform 

various complex network functions (multiplexing, demultiplexing, splitting, filtering and 

wavelength conversion) in a single monolithic integrated device. 

7.4.1 (a) Muld- Wavelength Conversion using the MGC 

MGC 

MZ Modulator 

20dBm 
1543nirn 

PRBS 
avelength Converted Output 

BE Optical 10% Monitor Port 
Aftenuator to Power Meter 

I OGHz Oscilloscope 

Figure 7.14 Experimental set-up used to demonstrate the MGC laser as a multi-channel 
wavelength converter. 

The experimental set-up used to achieve multi-wavelength conversion using the MGC 

laser is outlined in figure 7.14. An input signal is first patterned with a PRBS (Pseudo Random 

Binary Sequence) using a Mach-Zehnder electro-optic modulator. The signal is pre-amplified 

using a 20dBin EDFA (Polaris EAD-60) and post filtered with a JDS Fitel TB1500B Fabry 

Perot tuneable bandpass filter (to remove the EDFA spontaneous emission). A polarisation 

controller was used to maximise the coupling efficiency to the TE lasing mode of the MGC 

laser, before the optical signal was injected into the master stripe via a 2x2 fibre coupler and 
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fibre lens. It was necessary to post filter the wavelength converted output to resolve each MGC 
channel separately during simultaneous conversion to multiple MGC wavelengths. Also post 
filtering was required owing to the substantial back reflection (approximately 30%) of the 
optical input off the facet of the device. The wavelength converted output was attenuated by a 
JDS Series 7000 optical attenuater and detected with a Nortel 2.5GBits/s receiver. This allowed 
measurement of the received power via a 10% monitor port which was required for Bit Error 
Rate (BER) measurements. The received wavelength converted eye diagrams were constructed 
using a HP54122A IOGHz sampling oscilloscope, and BER was measured using a HP708420 

3Gbit/s test set. 

Input 2.48gGbits/s 

1 72 

1553nm MGC Channel 

1557nm MGC Channel 

1561 nm MGC Channel 

Figure 7.15 Single channel wavelength conversion at 2.488Gbitsls 

Channel Number Optimum Bias Conditions at 2.488Gbits/s 
Bias to Slave(mA) Bias to Master(inA) 

I (1553nm) 201 180 
2 (1557nm) 243 242 
3 (1561nm) 242 239 
4 (1565nm) -- 

Table 7.4 Drive conditionsfor single channel conversion at 2.488Gbitsls 

By biasing each slave stripe independently in conjunction with the master stripe, single 

channel wavelength conversion was demonstrated at 2.488Gbits/s with a coupled into power of 

approximately 6dBm. The eye diagrams for this mode of operation are shown in figure 7.15 

along with the optimum bias conditions which are given in table 7.4 (PRBS 27 -1). It was found 

that bias conditions were critical for achieving an open eye, a change of only a few milli-amps 

resulted in severe degradation of the converted bit stream. Unfortunately, owing to the 

bandwidth of the JDS Fitel Optical bandpass filters (1530-1561 nm), channel four whicil lases at 

1565nm could not be evaluated. A degradation of extinction ratio of 9dB on the input to 

approximately 7dB on the output was noted on all channels. 
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Figure 7.16 Bit Error Rate Measurements at 1.244Gbitslsfor Single Channel Conversion 

In order to quantify the conversion performance it is essential to calculate the Bit Error 

Rate penalty introduced by the MGC. This was achieved by plotting the received power versus 

the error rate count which was determined by a HP708420 error rate detector. Since the Mach 

Zehnder used to pattern the optical input required six volts of swing in order to operate 

efficiently, it was necessary to pre amplify the output of the HP70841B pattern generator 

(maximum voltage output 2v). The 3dB frequency bandwidth of the amplifier used in these 

experiments was limited to 0.01-4.5GHz. This limited the input data stream to pattern lengths 
7 

no greater than 2-I and the linearity of the amplifier prohibited the measurement of Bit Error 

Rate (BER) at 2.488Gbits/s. However, it was found that BER could be effectively measured at 

the lower data rate of 1.244Gbits/s and is plotted in figure 7.16. It may be observed that a 4dB 

penalty was introduced on channels 1&3 whilst channel 2 introduced a negligible penalty. No 

measurable dependence on bit-error rate was found with input wavelength (within the erbium 

window 1530-1560nm) for a constant coupled input power. 
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Input 2.488Gbits/s 

S -ale .. 

1557nm MGC Channel 

156 1 nm MGC Channel 

Figure 7.17 Eye Diagrams showing simultaneous conversion to multiple wavelengths at 
2.488Gbitsls 

By biasing two slave channels along with the master, conversion can also be achieved 

to multiple MGC channels with a small degradation in extinction ratio. This is highlighted in 

figure 7.17, where conversion is shown simultaneously to both 1557 and 1561nm channels. 
Since the eye diagrams for all the permutations of outputs are very similar only this 

combination has been plotted, however conversion has been achieved on all other channel 

combinations. It was noted that different drive conditions were required for multiple conversion 

compared with single channel operation in order to achieve an optimised eye with no closure. 

These drive conditions are summarised in table 7.5. It should be noted that the required bias to 

each of the slave stripes is substantially lower than for single stripe operation. This was 

attributed to substantial current leakage between each of the wavelength channels. 

Channel Numbers Optimum Bias Conditions at 2.488Gbits/s 
Bias to Slave(mA) Bias to Master(mA) 

I (1553nm) 2 (1557 nm) 141 130 220 
2 (1557 nm) 3 (1561 nm) 138 152 242 
3 (1561 nm) 1 (1553 nm) 140 143 239 

Table 7.5 Drive conditionsfor multi channel conversion at 2.488Gbitsls 
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7.4.2 (b) WDM Multiplexing 

MGC 

Wavelength Converted Output 
No Post Filtering Required 

BERT Optical I 10% Monitor Port Attenuator to Power Meter 

Rx I OGHz Oscilloscope 
I 

Figure7.18 Experimental set-up used to demonstrate the MGC laser as a WDM multiplexing 

MZ Modulator 

20dBm Bm 
1543nm 

Ps RBS 

Figure 7.18 outlines the experimental set-up used to demonstrate WDM multiplexing 

using the integrated MGC laser. The arrangement is almost identical to that used to 

demonstrate multi-wavelength conversion discussed in the previous section. However, here the 

1543nm modulated signal is injected via a fibre lens into the slave side of the device, whilst the 

optical output is obtained by addressing a second lensed fibre to the master facet. 

It has already been highlighted that conversion can be achieve along with VvDM 

multiplexing with this configuration. This is shown in figure 7.19 where the experimental bit 

patterns have been measured using the HP54122A IOGHz sampling oscilloscope. It may be 

observed that there is an associated inversion of the wavelength converted channel with respect 

to the input. Also, there is a small degradation of extinction ratio from 9.2 dB on the optical 

input to approximately 7dB on all wavelength converted MGC channels. A similar degradation 

in extinction ratio was observed when operating the device as a multi-wavelength converter 

which was discussed in the previous section. This suggests that a similar bit error rate penalty is 

incurred to the converted signal. 
Input 
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Figure 7.19 Experimental Wavelength Converted bit patterns at 2.488Gbitsls used to 
demonstrate the MGC laser as a WDM repeater 
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As with multi-wavelength conversion, no measurable dependence was found with input 

wavelength. However, it was found the need for post-filtering of the optical output could be 

eliminated. This was achieved owing to the filtering response of the diffraction grating which 
isolates the slaves from the master stripe according to wavelength, as calculated previously in 

figure 7.10. It may be noted from figure 7.10 that a transmission null occurs on all channels 

when the optical input is approximately 1543nm at 20 0 C. Thus, by converting from 1543nm 

automatic filtering of the converted output could be demonstrated. This is highlighted in figure 

7.20,, where the optical spectrum of each bit trace plotted in figure 7.19 has been measured 

using an Optical Spectrum Analyser (I-IP-70951A). It may be noted that the grating section 

introduces a 15-2OdB isolation from optical input to output under this method of operation. 

With other forms of wavelength conversion which were raised in chapter 1, post- 

filtering is normally an essential part of the converter (unless a counter propagating regime is 

employed). However in this case, by optimising the optical input, the need for post filtering 

was eliminated. It may be observed from figure 7.10 that currently there is a substantial phase 

noise floor at -20dB which only allows automatic filtering at a single optimum input signal at 

1543nm. This phase noise floor is attributed to mirror roughness in the grating section. An 

optimised device would have an improved grating performance so that filtering could be 

achieved at any input wavelength. 
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Figure 7.21 Inter-Channel Crosstalk owing to gain saturation in the master stripe of the 
MGC Laser (Channel 1) 

Multi-wavelength operation was attempted with channels I and 4 driven 

simultaneously, by splitting the optical input with a 2x2 fibre coupler and injecting the signal 

into each stripe with a fibre lens (as outlined in figure 7.21). It was found that simultaneous 

operation could only be achieved if the optical input to each stripe was identical. If a time delay 

was introduced between inputs (which simulated arbitrary input signals) crosstalk between 

channels was obtained on the optical output, these results are shown in figure 7.21. It may be 

observed that substantial patterning was obtained between channels which was attributed to 

carrier depletion in the master stripe. Ironically, gain saturation in the master stripe (which 

induced wavelength conversion in the slave stripes), caused detrimental crosstalk on the optical 

output. 
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7.4.3 (c) lx4 Wavelength Routing 

MGC 
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Figure 7.22 Ix4 Wavelength routing using the MGC laser at 2.488Gbitsls 

Finally, a subtle change in experimental set-up which was used to demonstrate multi- 

wavelength conversion, can achieve lx4 space switching at 2.488Gbits/s. By injecting the input 

signal via a fibre lens into the master facet, the wavelength converted output may be measured 
from the slave facet as outline in figure 7.22. It was found that IA switching could be 

demonstrated by biasing the MGC laser under conditions identical to that used to achieve 

mu Iti-wave length conversion (outlined in section 6.4.1, in tables 7.4 and 7.5). Indeed, as with 

WDM multiplexing, it was also found that by optimising the input wavelength no post filtering 

was required on the MGC output. This therefore allowed channel 4 at 1565nm to be assessed 

since the measurement was no longer limited by any post filtering. For brevity the eyes 

diagrams for conversion to each channel have not been included in this thesis, however figure 

7.23 does show single channel IA switching to the (so far unreported) 1565nm channel. This 

was achieved by biasing the master to 200mA and slave to 21 OmA with a coupled input power 

estimated to approximately 6dBm. It should be noted that this measurement therefore allows 

table 7.4 to be completed for the 1565nm channel. 

Broadcast switching has also been achieved by biasing more than one stripe 

simultaneously. Once again bias conditions were found to be identical to that for multi- 

wavelength conversion as outlined in table 7.5. In order to complete the character i sati on of the 

Input 2.488Gbits/s 

. r*" " 

1565nm MGC Channel 

Figure 7.23 Jx4 Wavelength routing to the 1565nm MGC channel at 2.488Gbitsls 
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MGC for Mu Iti-wave length operation table 7.6 outlines the optimum drive conditions required 
for the 1565nm channel. Eye diagrams demonstrating one such configuration are plotted in 
figure 7.24, a small reduction of extinction ratio of approximately IdB was noted between 
single and multi-output switching. Owing to non ideal mounting of the device, it was found that 
simultaneous three or four channel switching could not be achieved, since temperature control 
of the mount then became impossible. This problem could be resolved by proper laser 
packaging. 

Input 2.489Gbits/s 1557nm MGC Channel 

1561nm MGC Channel 

lp 

fri 

Figure 7.24 Eye Diagrams showing simultaneous space switching and wavelength 
conversion at 2.488Gbitsls 

Channel Numbers Optimum Bias Conditions at 2.488Gbits/s 
Bias to Slave(mA) Bias to Master(mA) 

I (1553nm) 4 (1564nm) 150 147 203 
2 (1557nm) 4 (1564nm) 152 173 220 
3 (1561nm) 4 (1564nm) 160 163 232 

Table 7.6 Drive conditions for multiple Ix4 Space Switching (or multi-wavelength 
conversion) to the 1564nm channe l at 2.488Gbitsls 

7.5 Conclusions 

In conclusion, wavelength conversion has been achieved for the first time at 

2.488Gbits/s with a monolithic integrated multi-wave length laser. This is currently the highest 

modulation rate demonstrated by such a device. By operating the laser in many different 

configurations, three novel network functions have been demonstrated. These included multi- 

wavelength conversion, WDM multiplexing and 1x4 space switching. It was found by 

optil-nising the conversion wavelength that the need for post filtering could be removed, 

reducing the component count still further. Bit Error Rate (BER) measurements indicated a 3- 

4dB penalty was incurred at 1.244Gbits/s. 
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Chapter 8 

8.1 Conclusions and Future Work 

T he previous five chapters of work have discussed three different methods for achieving 

optical space switching. This chapter briefly summarises the results and conclusions of 

the work contained within this thesis. A discussion offuture work will be given which shows 

that the crosspoint switch proposed in chapters 4,5 and 6 is still under development. The 

methods being used to fabricate the final 4x4 activelpassive prototype design will be briefly 

discussed. Methods for achieving 4x4 optical switching using the MGC laser are also 

proposed. 
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8.2 Summary 
8.2.1 Introduction andMotivation 

Chapter I has given a brief introduction into the evolution of the modern optical 
communications systems. Both Optical Time Division multiplexing (OTDM) and WaN'elength 
Division Multiplexing (WDM) have been introduced as methods of more effectivelý' utillsing 
the bandwidth of optical fibre. However, to date, they have only been employed in terms of the 
point to point network, whereby information is transferred between two distinct points. It was 
shown that the future of optical communications lies in a more transparent scheme, where 
optics is used to route information across the entire network. Several key components were 
required in these optical routing networks, such as ADD/DROP demultiplexers and optical 
network nodes. It was shown that the optical space switch lies at the core of these components 
and is therefore required for future networking schemes. Passive Wavelength Routing was also 
highlighted as a method of achieving space switching in WDM network schemes. Therefore an 
introduction to various of methods of wavelength conversion was given which focused on the 

work presented in chapter 7. 

Chapter 2 was concerned with the many methods of achieving monolithic integration 

of crosspoint switches. It was shown that InP is currently the material system most suited to 

optical crosspoint development at 1.55[tm, owing to potentially lossless device performance. It 

was highlighted that the problem associated with the integration of InP crosspoints with large 

device orders was the exponential increase of waveguide crossings. Waveguide S-bends were 

shown to be incompatible with waveguide crossings and therefore not suited to high order 

crosspoint development. Multi-level architectures were also shown to offer no great advantage 
in device size and therefore not ideal candidates for monolithic integration on InP (only 

modular). A summary of the published optical space switches was given, which suggested that 

total internal reflection was a method of achieving compact switch design. This lead to the 

proposal of two new crosspoint architectures. The first introduced the concept of two 

dimensional integrated optics which eliminated the need for waveguide crossings and was 

discussed further in chapter 3. The second proposed device used conventional waveguides to 

shuffle each input to each output. A combination of Total Internal Reflection, the use of the 

electroabsorption modulator and strong and weak guiding was shown to result in the most 

compact device possible. This work was the main focus of this thesis which was presented in 

chapters 4,5 and 6. 
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8. Z2 Two Dimensionally Integrated Crosspoint Architecture 

Chapter 3 discussed the role of Two Dimensional Integrated Optics (2DIO) in the 
monolithic integration of optical space switches. 2DIO offered lossless optical crossings NvIlich 
is extremely attractive for high order crosspoint development. A novel 2DIO crosspoint 
architecture was proposed which combined input and output waveguides with parabolic 
mirrors, spatial filters and broad area amplifier gate switches. A 2DIO modal propagation 
model was developed in order to optimise the device for both loss and crosstalk (appendix B). 
Analysis of the broad area amplifier gate switches was carried out with a combination of rate 
equation analysis and beam propagation (appendix A). Results showed that a lossless 4x4 2DIO 

broadcast switch could be monolithically integrated onto an InP substrate less than 2x2mi-n 2 in 

area. If realised the device would be the smallest broadcast 4x4 crosspoint fabricated to date. 

8.2.3 Conventional Waveguide Crosspoint Architecture 

Chapter 4 was concerned with the theoretical optimisation of a conventional NxN 

crosspoint switch architecture proposed in chapter 2. The complete theoretical optimisation of 

the device was given which began with an investigation of the single mode nature of a ridge 

waveguide on a BT passive wafer design. After calculations on the waveguide crossing loss and 

waveguide coupling, this allowed the optimised shallow etched waveguide for the device to be 

finalised. The modal cut-off of the deep etched waveguides allowed the design of tapered mode 

converters which were required to achieve low loss coupling between the regions of strong and 

weak guiding. A modal propagation model was developed for the analysis of the multimode 

interference coupler (appendix B) which permitted fabrication tolerant MMI design. Finally, 

after determining the minimum radius of curvature for the S-bends a prediction of the device 

size was made. This calculation showed that the 4x4 device could be fabricated on an InP 

substrate approximately Ix2.5mm 2 in area. This architecture is approximately half as small as 

the 2DIO architecture presented in Chapter 3 and therefore offered a significant advantage over 

the 2DIO approach. 

Chapter 5 was concemed with the practical realisation of the architecture theoretically 

optimised in chapter 4. The problems associated with mask alignment between deep and 

shallow etched regions was highlighted with both the TIR mirror and tapered mode converter. 

It was shown how alignment tolerances could be relaxed by a combination of mask design and 

the self alignment process. Several test structures were then proposed which were to be used to 

justify the theoretical calculations made in chapter 4. A discussion of the fabrication process 

was given, highlighting the problems behind vertical InP etching. Finally anal-. ysis of the 
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fabricated test structures on a Scanning Electron Microscope (SEM) gave an indication of the 
etching quality and tolerances achieved. 

Chapter 6 was concerned with the measurement and assessment of the test structures 
presented in chapter 5. This began with near field measurements of straight waveguides to 
confirm single mode operation, as theoretically predicted in chapter 4. The losses of all the 
crosspoint components were given, which included waveguide crossings, TIR mirrors, tapered 
mode converters, MMI couplers, and S-bend waveguides. All components agreed, within 
experimental error, to the theoretical calculations made in chapter 4. These measurements 
allowed a prediction on the loss performance of the 4x4 passive crosspoint test structure, which 
suggested an excess device loss of 7.2±0.5dB. Subsequent calculations on the tapered mode 
converters and S-bend waveguides indicated a further reduction in the proposed architecture 
size. This resulted in a final prediction on the full active/passive 4x4 prototype of I x2mm 2, 

which was comparable to the same wafer area required to fabricate 8 DFB lasers. This 

represents an order of magnitude improvement on the smallest InP broadcast crosspoint switch 
fabricated to date [I] - 

8.2.4 The MGC Laser and Wavelength Routing 

Finally, chapter 7 introduced the Multi-Grating Cavity (MGC) laser fabricated by BT 

Research Laboratories Martlesham Heath. A brief discussion of the device fabrication and 

method of operation was given, before comparing the device with the other types of monolithic 

multi-wavelength laser so far reported. Initial device characterisation showed CW operation on 

four wavelength channels spaced by 3.7nm (453GHz) about 1557nm. The device threshold was 

approximately 140mA per stripe. Wavelength conversion was then demonstrated for the first 

time in a multi-wavelength laser at 2.488Gbits/s. Three novel modes of operation were 

discussed which achieved multi-wavelength conversion, VTDM multiplexing and most 

importantly lx4 space switching. The wavelength selectivity of the grating allowed space 

switching without the need for post filtering, and thus demonstrated wavelength routing in a 

single monolithically integrated device. 
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8.3 Suggestionsfor Future Work 
8.3.1 A 4x4 Wavelength Routing Space Switch 

Input I 

Input 2 

Input 3 

Input 4 

MGC mux 

MGC mux 

MGC 
J 

mux 

MGC mux 

output I Output 2 
Output 3 
Output 4 

Figure 8.1 Schematic diagram of the MGC laser used in a 4x4 passive wavelength router 

Chapter 7 has demonstrated wavelength conversion for the first time at 2.488Gbits/s in 

a multi-wavelength laser. Subsequent experiments showed that lx4 space switching could be 

achieved in a single integrated device, with no post filtering, by using the concept of 

wavelength routing. Although this result is impressive, a fully functional WDM network node 

would require a number of optical input fibres rather than just one as demonstrated here. 

Extended 4x4 operation could be demonstrated using the MGC by the use of a 4x4 passive 

grating multiplexer and an array of four lasers as drawn schematically in figure 8.1. Each MGC 

is able to convert onto any of its lasing wavelengths before being multiplexed to a single 

optical fibre and routed to each output (via the 4x4 passive router). The need for the 

multiplexers after each MGC may be removed by the use of 2x2 couplers and a fibre shuffle as 

shown in figure 8.2. However it should be noted that in order to achieve a 4x4 routing 

capability in either design, the number of components required is not trivial. Indeed it is still a 

matter for debate whether wavelength routing is viable alternative to the conventional 

crosspoint switch discussed in chapters 4,5 and 6. 
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0 
C) 
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Output 4 

Figure 8.2 Alternative methodfor achieving a 4x4 wavelength routing space switch. 
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8.3.2 An ITU GridAligning WDM transmitter 
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Figure 8.3 Schematic diagram of the MGC laser as a WDM multiplexer 

It was also suggested in chapter 7 that WDM multiplexing could be achieved by 

injecting the input signal into the slave side of the device. Thus any input optical signal could 
be automatically aligned to the ITU grid whilst being multiplexed to a single output fibre as 

shown schematically in figure 8.3. However, it was shown that this could not be achieved 

simultaneously on all channels owing to inter-channel crosstalk. This extremely useful function 

could be achieved in the MGC by using the device as two amplifiers sandwiching a passive 

grating section rather than operating the device as a laser. This can be achieved by AR (Anti 

reflection) coating both the slave and master facets. Wavelength conversion may then be 

induced in each slave stripe by gain saturation as shown in figure 8.4. It may be observed that 

another MGC laser is required in order to provide the CW probe signal which multiplexed to 

the final output. Provided that the combined optical power in the master facet of the AR coated 

device is far below the input saturation power, then inter-channel crosstalk may be eliminated 

and a fully functional ITU grid aligning WDM transmitter is realised. 

Input I Input 2 

4- 

: 

P, 

I P, 10 U 

ITU Grid <- 
Aligned Outputs "', ýI AR AR . 

ýý3 
R 

Input 3' Input 4 

Figure 8.4 Schematic diagram of an AR coated MGC laser as a ITU Grid aligning WDM 

transmitter 
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8.4 Overall Conclusions 
8.4.1 The Conventional Waveguide Crosspoint Switch 

Finally, the main focus of this thesis has been the design and realisation of the 

crosspoint switch drawn in figure 8.5. The complete fabrication and assessment of the 

active/passive device has not been possible owing to time limitations. However, owing to 

significant benefits offered by the device, its fabrication still continues under an EPSRC funded 

grant jointly awarded to Bristol University, Glasgow University, BT Research Laboratories and 

British Aerospace. The grant aims to fabricate 2x2,4x4 and 8x8 InP crosspoint switches using 

the architecture discussed in this thesis. When fabricated the 4x4 device will be an order of 

magnitude smaller in wafer area than the smallest InP crosspoint realised to date [I]. 

Chapters 5 and 6 have shown the viability of the device from the fabrication and 

assessment of several test structures, although a more rigorous analysis may be required in 

order to assess the effects of growth variations between and/or across an InP wafer. The final 

factor in the realisation of the device lies in the method for achieving the electroabsorption 

modulators, passive waveguides and optical amplifiers on different regions of the wafer. It has 

already been discussed in chapter 2 that this requires the bandgap of the semiconductor 

material to be tuned across the wafer. During the design of the device in chapter 4 it was 

assumed that this could be achieved by selective area regrowth, whereby different 

semiconductor materials corresponding to active/passive regions are epitaxial grown on 

different regions of the substrate. It has been stated that this method has already been used to 

inonolithically integrate 1.5ýtm optical amplifiers, passive waveguides and electroabsorption 

modulators. However the process is extremely labour intensive, thus simpler methods are 

currently being investigated in order to achieve spatial variations in bandgap across the wafer. 

One such method which has been proposed by Glasgow University (amongst others) 

relies on the variation of the effective bandgap of an MQW wafer as a function of well width 

(as discussed in chapter 2). Different regions of the wafer may be masked and undergo a 
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process termed 'disordering'. In the InGaAsP/InGaAs material system, this causes a local 
diffusion of Phosphor in the barriers into the wells, so smoothing out the discrete potential step 
formed by the quantum well. This in turn changes the effective width of the well and lowers the 
local bandgap wavelength of the wafer [2]. Thus the bandgap may be tuned for a 

passive/amplifier/modulator component across the wafer by controlling the amount of local 

disordering. This has been achieved to date (mainly in the GaAs material system) by several 

means such impurity induce disordering [3], ion implantation [4], impurity free disordering [5] 

and (notably in InP material system) laser intermixing [6]. A detailed description of this 

process is far beyond the scope of this thesis, however it is hoped that the entire fabrication of 

the device will be completed by early 1999. 
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Appendix A: Rate Equation Analysis of a Broad Area Amplifier 

By using a truncation filter and optimising the amplifier taper angle, the propagating 
mode through a broad area amplifier length can be forced to a zero order gaussian 

mode, as discussed in Chapter 3. The effects of hole burning which alter the transverse 
reftactive index distribution are calculatedftom a multi-section rate equation model, in order 
to approximately calculate the phase of the emitted waveftont. 

The rate equation analysis separates the amplifier cavity into a mesh of lumped regions, 
however carrier diffusion effects between each section are ignored. The model is purely 
travelling wave i. e. zero facet reflectivity, and assumes that only monomode radiation is 

present. The carrier density rate equation for each section is therefore described by [a I] 

dn(x, z) i, npc 
dt eVc. v 

'5 n' E gill ssp - ýt 

where n(x, z) is the carrier concentration in each section, 'a is the current in the active region, gn 

is the material gain (in each section), e is the electronic charge, V is the volume of the cavity, t' 

is the carrier recombination lifetime (in each section), E is the photon energy density, S'P is the 

average photon density in each section due to spontaneous emission, P is the spontaneous 

coupling coefficient and c is the speed of light where [t is the refractive index of the cavity. P is 

the optical power in each section. 

The gain spectrum is assumed to be parabolic with a peak wavelength AP, thus the 

material gain is represented by [a2] 

ao (n - no) - a, (k -k P)2 
(A2) 

where aoq a, are material gain constants, no is the transparency carrier density and X is the 

photon wavelength in free space at the input. 

The gain per unit length of each section is then described by the equation [a3] 

Fg, - (X (A3) 

where IF is the confinement factor and (x takes into account scattering losses. 
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Appendix A: Rate Equation Analysis of a Broad Area Amplifier 

Calculation of the carrier recombination lifetime takes into account non-radiative, 
bimolecular and Auger recombination using the expression [a4] 

tS= 
I 

(A4) 
A+ Bn + Cn' 

where A, B and C are the constants relating to each process respectively. 
The spontaneous emission photon density is averaged over the gain spectrum, and 

assuming bimolecular recombination is given for each section by [a3] 

SSP _ 
Bn'ýt, (eg-' - 1) 

_2 
(A5) 

9c 

I 

9z 

I 

where, ýt is the refractive index and c is the speed of light in a vacuum. 

The power in each section, P, is determined from the MPM calculation, Pmpm, (x, z), determined 

from the equation 

P=PBp, 
v 

(x, z)e ' (A6) 

Each section is solved dynamically, and the approximate refractive index distribution ýt(x, z) 

across the amplifier cavity can be calculated from the equation [a5] 

dýt GC hý' 
ao (A7) 

dn 47c 

where Oýh is the line broadening factor and k is the operating wavelength. 

The phase front variation due to the gain region may then be calculated from the equation 

27c ýI(X, Z) dz (A8) 
, T- 

f- 

0N 
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Parameters Used 

Constant Description Value 
A Non-radiative Recombination Constant 10"s-, 
B Bimolecular Recombination Constant 8X, 0-11CM3S-1 
C Auger Recombination Constant 4x 10-29 cm 

6s -1 

P Spontaneous Coupling Coefficient 1XIO' 
d Active waveguide, thickness 0.4[tm 
W Active waveguide width 20pm 
L Active waveguide length 500ýim 
ao Material Gain Constant 3.5x 10-16CM2 

a, Material Gain Constant 0.12CM- I nm -2 

ý, 
p Peak Gain Wavelength 1.550pm 

F Confinement Factor 0.53 
(X Scattering Losses 20cnI_1 
PO Effective Refractive index of active waveguide 3.197 
()th Linewidth Enhancement Factor 6 

Table AI Typical Parameters used in the Rate Equation Analysis 

Table Al lists the parameters used in the multi-section rate equation analysis of the 

broad area amplifier switches. These are typical values which may be found in the literature 

and discussed further in [a5]. The rate equation Al may then be solved iteratively in each 

section to determine the phase front variation as given by equation A8. 
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Appendix B: Modal Propagation Theory 

W" 

I-1he beam propagation models discussed in chapters 3 and 4 are derived ftoln first 

principles. The analysis begins with the solution of the wave equation for a slab 
waveguide. This yields solutions for both a ID dielectric waveguide in the vertical plane and 
the 2D slab waveguide in the horizontal. These equations form the basis for the models used to 
analyse both the 2DIO crosspoint architecture and the Multi-Mode Interference couplers used 
in the waveguide crosspoint switch. 

Solution of the 3D Wave Equation 

x 

L/ 

Figure BI Dielectric slab waveguide. 

Light propagating in a slab waveguide as drawn schematically in figure BI obeys the wave 

equation which is given by 

v2 n2 a2 
- f (X, Y, Z, t) - -E(x, y, z, t) =0 (B 1) 

c2a t2 

where c1n is the speed of light in the slab and E is the vector electric (or magnetic) field 

component of the EM wave. 

If the slab is assumed to be homogeneous and extends to infinity in all directions the electric 

field can be assumed to be of the form 

E (x, y, z, t) = E, (y, t)Ep (x, z, t)e'(w1-ßz) (B2) 

where Es represents the electric field through a section of the slab and Ep represents the electric 

field in the slab plane, P is the wave vector and (o is the angular frequency of the EM radiation. 

Substitution of this solution into the wave-equation BI yields 
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-a, iý 
p-a 

�ü 
p Es 

a x, 
+E s' aZ2+üpay2+ 

(k 2n2_ß2), Ü 
"ÜP =0 (B3) 

which may be solved by initially assuming that the field gradient is much larger in the \, el-tical 
plane, i. e. 

y2V 
>> 

a X2 
+a 

Z2 
(B4) 

This reduces equation B3 to the one dimensional wave equation given by 

a 'iýs + (k'n 22 (B5) 
13 y2 

which can be solved subject to the dielectric boundary conditions (nI, n2, n3 in figure BI) 

imposed by the guiding and cladding layers. This calculation is not discussed here, since it may 

found in many standard textbooks on waveguide theory [bl, b2]. The solution yields a 

complete orthonormal basis set of functions, Vn5 which propagate along the z axis with an 

effective refractive index nff=plk. These functions may be shown to from the solutions for the 

TE and TM guided modes of the slab waveguide. 

Substitution of the guided optical mode E, and effective propagation constant P 

calculated from equation B5, back into the wave-equation B3 yields the two dimensional wave 

equation which describes the propagation of the EM waves in the slab plane, given by 

a++ (k 2n2_ p2) =0 (B6) 
a X2 z2a t2 

Therefore after calculating E, and P the slab mode may then be ignored. The solution of this 

equation forms the basis of the MPM analysis presented in chapter 3 and is discussed further in 

the next section 
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Solution of the 2D Wave Equation 

Assuming that the radiation in the slab consists of a paraxial beam and the electric and 
magnetic component can be represented by a scalar field distribution, the solution of equation 
B6 is an eigen-value problem which yields an infinite number of eigen-functions (a complete 
orthonormal basis set) which describe EM modes propagating along the z axis. These modes 
are described by the Hermite-Gaussian set of functions given by the equation [b3l 

Ep (x, z, t) = E. y� (x, z, t) and 
2 IZ»2+ iß 

2R(z) 
y, (x, z, t) = AnHn 

ý -2x 
e (B7) 

1 

W(z) 

1 

where n is the mode order, EO is the electric field at z=O, P is the wave vector and (0 is the 

angular frequency of the EM radiation. Wz), w(z) and R(z) are functions describing the phase 

change along the axis of propagation, the beam divergence and radius of curvature of the phase 

front respectively and are described by the equations 

(n+ V2) tan-' 
2z 

2 (B8) 
0 

w 

2z 
(B9) W(Z)2 = Wo ij 

2+2 

0 

2 2- 

Z 
R(z) =z1+k c) (B 10) 2ý2z 

(1 

where wo represents the beam radius at z=O. An is a norma isation constant to ensure 

conservation of energy from the origin of propagation and is described by the equation 

An = 
I 

L "0 
W 

nW n6lX 
00 

2"nlw(z) 
2 

11) 

H,, ff(x)) is the n th order Hermite polynomial off(x) which may be calculated from the recursion 

relation [b4l, 

Hll+I {f (x)1 = 2f(x)H� ýf(x)1 - 2nH�-, ýf (x) (B 12) 

th 
Given that Hoff(x), ý=] and Hlff(x))=2f(x), any n order Hermite-Gaussian maybe deduced. 
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410dal Propagation Model 

The 21310 modal propagation model discussed in chapter 3 may be justified by the following 
equations. Firstly, owing to the linearity of the two dimensional wave-equation B6, its 
Complete solution is given by the infinite sum of all the Hermite-Gaussian modes weighted by a 
constant C,, [M], hence 

00 
Ep (x, z, t) = E� 1 C�y, 

, (x, z, 
n=O 

13) 

Given the electric field in one x-plane Ep(xz'=Const) the gaussian coefficients Cn may be 

calculated from equation B 13 by observing the orthonormality Of Wn- 

00 
Cn6 

nin 
f E(z' = Const)W 

. 
dx 

-00 
(B 14) 

where 6nm is the Kronecker delta function. Thus the component or proportion of the nth order 

gaussian in the field E(z'=Const) i. e. Cn may be calculated. The resulting propagation of the 

field z=Const+z may then be constructed from equation B12 since the propagation in the z 
direction of each individual gaussian order is known from equation B6. 

Modal analysis of the MMI couplers is very similar, however requires the solution of the 2D 

wave-equation B6, subject to the boundary conditions imposed by horizontal waveguiding. 
This calculation has already been briefly discussed as it also forms the solution of the ID wave- 

equation B5. After calculating the guided mode solutions in the horizontal MMI waveguide, the 

field propagation may be determined by following the same analysis as given above. This is 

achieved by substitution of the 21310 gaussian solution, y, with the MNH guided mode 

solutions in equations B 13 and B 14. 
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