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Abstract 

In communication systems, the need for high bandwidth interconnects and 
efficient distribution of large amount of data is very essential. This thesis work 
addresses all-optical packet switching issues in the field of reconfigurable optical 
interconnection networks for high performance embedded systems. The recent 
research conducted at the Halmstad University, on high performance embedded 
systems, focuses on the optical interconnection techniques to achieve ultra high 
throughputs and reconfigurability at the system level.  

Recent research in the field of optical interconnection networks for applications 
like switches and routers for data and telecommunication industry and parallel 
computing architectures for embedded signal processing use optical to electrical 
conversion to switch packets. This conversion scales down the enormous bandwidth 
capacity of the optical communication channels to electronic processing rates. To 
maintain the high throughputs all over the interconnection networks, the optical 
packets need to be maintained in optical state and switched to different part of the 
interconnection network. To achieve this goal, all-optical packet switching 
architectures are studied. The study is concluded with a positive outlook towards all-
optical switching technologies, and it will play a very important role in the near 
future in the field of optical communication, telecommunication and embedded 
systems. 
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1. Introduction 

In the last two decades, people around the world have witnessed a tremendous 
revolution in the communication area, especially in telecommunication. As the 
semiconductor industry is pushing towards the limits of physics, and ever-increasing 
need for bandwidth requirement, alternative solutions should come to existence. 
Optical communication domain is one such an area that can provide the future 
bandwidth requirements for all levels of communication, which ranges from I/O 
(input/output) mechanisms at the system level communication, to the Internet 
backbone routers. Optical communication, being a broad area, can be divided into 
several subsets according to their application functionalities (the purpose of using 
the optical components to achieve certain functionalities). These functionalities can 
range from chip-to-chip communication, optical backplane interconnects, optical 
fiber communication networks and free space point-to-point optical communication 
systems. The first three of them are important, because they share a common and 
most important factor called “optical interconnections”. Optical interconnection is a 
way of combining optical and electronic components to achieve optimal way of 
communication between the optical components. By adopting suitable optical 
interconnection patterns and methods, it is possible to find solutions for more 
sophisticated communication systems in various areas like data and 
telecommunications, parallel computing, high-performance data storage systems and 
signal processing systems and image processing systems. As these systems deals 
with very large quantities of data (in Terabits per second), electronic systems cannot 
provide such bandwidth requirement; hence, the future demand for bandwidth will 
be met by optical interconnects.  

Optical interconnection technology paved the way to researchers to consider 
optical domain switching layers instead of electronic switching in data 
communication systems. This gave them a clear advantage to use the maximum 
bandwidth available today by the optical communication technologies such as WDM 
(wave-length division multiplexing) and DWDM (Dense WDM). Moreover, optical 
transparency provided by the optical domain gives large flexibility in data 
transmission schemes (protocols). These technologies with optical interconnections 
are capable of communicating at short distances. There are mainly two types of 
interconnection methods 1) wave guide 2) free space. The choice of interconnections 
is crucial for the application domains such as in optical switches and routers, radar 
signal processing and embedded parallel computing architectures. Any 
communication network can be subdivided into two important parts: the 
transmission part and the switching part. The former transports the traffic between 
two points in the network and the latter is responsible for routing the traffic 
efficiently from the source to the destination through available paths in the network. 
The packet switching mechanism is one of the important and unavoidable factors in 
modern communication networks. The available current technologies to develop 
components for switching optical signals are a hybrid form of optical - electrical – 
optical (O-E-O) type. These kind of switches are very expensive, power consuming 
and difficult to maintain. Although an O-E-O switch can route individual packets, it 
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requires a variable amount of time to read and interpret a received packet's header 
information, and then to deliver the packet to the correct output channel. This results 
in variable delay and latency, which is fatal for real time traffics such as audio and 
video streaming applications. Since there are no optical paths from input to the 
output, these types of switches are called “opaque”. Telecommunication industry is 
now, working towards all-optical switching devices that functions all optically. These 
types of switches are called “transparent” or optical-optical-optical (O-O-O). Many 
interesting technologies are being developed to make a complete all-optical 
switching system. These results are very crucial and will radically change the way we 
look at the optical interconnection methods practiced today. 
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2. Goals 
 

The research project “Reconfigurable system architecture”, conducted here in 
Halmstad University, investigates different aspects of optical interconnection 
networks for high performance embedded systems and communication switching 
applications. The Current studies focus on system reconfigurablity at different levels. 
A step forward to provide higher bandwidth interconnects between system 
components, the underlying optical-electrical-optical (O-E-O) switching systems 
needs to be changed to optical-optical-optical (OOO) packet switching systems. 

The main goal of the study in this thesis is to propose and evaluate an all-optical 
packet switching solution for data communication switches and optical 
interconnection networks. On the basis of the main goal, this study introduces two 
all-optical packet switching solutions schemes based on the state of the art 
wavelength division multiplexing (WDM) technologies and optical time division 
multiplexing (OTDM) technologies. A comprehensive study of technologies for both 
WDM and OTDM are presented. 
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3. Structure of the Technical Report  
 

This Technical report is structured into sections. The first section is the 
introduction to the field of study. The main aims of the thesis are presented in the 
section 2. A general technical overview of the present switching technologies is given 
in the section 4.  The section 5, technical background, consists of three subsections 
which are, the main component devices used, supporting techniques for the WDM 
solution presented in this report and a general introduction to optical time division 
multiplexing networks and supporting technologies for the OTDM solution 
presented. A comparative study on related works is presented in the section 6. In the 
section 7, the proposed solution on WDM is presented. Discussion about the 
architecture is presented in 7.2. OTDM solution consisting of both broadcasting type 
optical switching and optical packet switching is presented in the section 8. 
Discussion is on the section 8.4. Discussion on the technical report in general is given 
in the section 9. 

 



5 
 

4. Technical Overview 

All optical solutions are highly desirable, because of the high bandwidth 
advantages such as decreased switching time (less than 1/10 of a Pico-second (10-12)) 
[1], less electromagnetic interference, increased reliability, very high transmission 
capacity, broadband transport network construction, flexible bit rate and protocol 
transparency. All optical switching networks do not require the optical signal 
conversion to electrical form, which means that an OOO system can be independent 
of data rate, bandwidth and protocol format. In a step forward to make all optical 
solutions there are four important areas of technologies available today, which are (i) 
Semiconductor based photonic switching systems, (ii) micro optical 
electromechanical systems, (iii) photonic crystals, and (iv) electro-holography. 
Photonic switching involves three types, namely space division switches (also 
includes the free space switch mechanisms), time division switches and wavelength 
or frequency division switches.  The above mentioned technologies form the basis of 
all optical networks and detailed descriptions of the technologies are given below. 

Micro optical electromechanical systems (MOEMS) are based on rotating 
mirrors arrays small mechanical devices built by using semiconductor fabrication 
technologies that provide small size electro optical components and micro mirrors to 
achieve optical switching functionality. All optical switches based on MOEMS 
technology can be built and in large number of port configurations by using 
semiconductor fabrication technologies. The switching is based on a rotating mirror 
which can be rotated in three dimensions to block light (reflecting the beam with the 
mirror) and pass-through the light (no reflection from mirror). There are mainly two 
types of MOEMS devices exist today, which are planar 2D-MOEMS and 3D-MEMS. 
These devices provide the flexibility to make different types of optical 
interconnection networks with high levels of connectivity and different topologies.  

The Photonic crystal structure is one of the promising technologies, which 
exhibits a photonic band gap when a particular wavelength equal to the crystal 
structure’s length. When the crystal structure length is not equal to wavelength of the 
incident light, it is transmitted through the photonic crystal, but the wavelength 
equal to its crystal structure’s length is blocked in the cavities of the photonics 
crystal, thus exhibiting a semiconductor like band gap and all other wavelengths are 
allowed to pass-through the photonic crystal structure. This property can be used to 
make photonic switching devices in future. [4]  

“Electro-holography is the newest all-optical switching technology. This 
technology features a solid-state switch matrix created from rows and columns of 
ferroelectric crystals such as lithium niobate or potassium lithium tantalate niobate. 
The device is similar to that of planar 2D MOEM devices. Rows correspond to 
individual fibers, and each column is for a different wavelength. Each crystal is laser 
etched with a Bragg grating (which causes a quasi-periodic modulation in its 
dielectric properties) to create a hologram in which the crystal's optical properties are 
changed when it is energized, for example, by the application of an electric field 
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When a crystal is not energized, then light goes through it. Energized crystals, on the 
other hand, deflect a controllable portion of the incident light to the appropriate 
fiber. Holographic switches are quite fast and it claims instant signal restoration. 
They, along with other switches made from electro-optic materials, will be fast 
enough for the long-term application of optical packet switching. The mirror based 
MOEMS approach seems to be the best solution for the near future needs for large 
optical switches and Metropolitan Area Networks (MANs).”[5]. A 2×2 holographic 
switching element structure is show in the Figure [1]. When an electric field is 
applied to one of the para-electric crystals, the light beam will be diffracted 45 degree 
relative to the incident plane of the crystal due to photorefrativity. Switching times 
upto 10ns has been reported. Switching fabrics with large port number can be built 
using this technology. These switching elements are insensitive to diffraction upto 
100 Gbps data rates. [6] 

 

 
Figure 1 A 2×2 holographic switching element 
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5. Technical Background 

The studies in optical interconnection networks for high performance 
embedded systems and real-time computing systems are presented extensively in [7, 
8, 9]. Here is a brief technical overview of all-optical switching technologies and 
components behind it. 

5.1 Optical switching technologies. 
 
5.1.1. Photonic light wave circuit (PLC) 

Photonic lightwave circuits (PLC) are silica-on-silicon based waveguide devices 
which can be integrated with semiconductor fabrication technologies on large scale. 
There are wide range PLC devices; some of important devices are given below. [10] 

5.1.2. Optical splitters  

These are passive optical devices used to split incoming light into multiple 
parts. There are several types of splitter configurations available (e.g. 1×4, 1×8 etc). 

5.1.3. Arrayed Waveguide Gratings (AWG) 

Arrayed waveguide gratings are passive devices that come under the category 
of PLC. It is one of the most widely used components in the WDM networks. AWG is 
also named as phased array waveguides (PHASARS), wavelength routing switch or 
waveguide grating switch. This device is mainly used as, optical wavelength router, 
optical multiplexer, optical demultiplexer and optical add/drop multiplexer 
(OADM). An AWG is shown in Figure 2. At one end of the AWG, the incoming 
waveguide is coupled to a star coupler to split the incoming signals to pass through 
different arms of the AWG. These paths between the two ends (i.e. arrayed 
waveguides) have a path difference which is equal to an integer multiple of a 
particular wavelength in the waveguide. All the signal components from each path 
come out focuses on the other end of the AWG. The wavelengths which match the 
path difference condition will focus due to the same phase. The gratings at the end of 
the AWG are separated by a small distance which is equal to the separation distance 
between two adjacent focusing wavelengths. The separated wavelengths pass 
through the outputs connected to the gratings [10].  

 

Figure 2 Arrayed Waveguide Grating element 
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5.1.4. Phase and Amplitude Modulators 

These devices are mainly based on LiNbO3 based crystal. When a voltage is 
applied to this crystal it changes the refractive index. An external modulator is 
shown in the Figure 3. The input light is split into two parts and one part goes 
through a path consisting LiNbO3 crystal and coupled to the combiner. The other 
part is simply coupled to the combiner. The light which goes through the LiNbO3 
crystal, experiences delay as the voltage changes the refractive index of the material. 
The delay can be controlled by the voltage across the crystal. By controlling the delay 
of the light at the crystal path, it possible to constructively (or destructively) interfere 
the two lights at the combiner. A Modulator can continuously provide a constant 
energy level of optical signals by properly adjusting the crystal voltage.  

A phase modulator is based on the same principle as discussed above. A lithium 
nanobate waveguide in a substrate is placed in a electric field. When the voltage is 
applied the light going in the waveguide experiences increase in phase due to the 
refractive index change. 

An amplitude modulator is constructed using a lithium nanobate waveguide 
constructed in the form a splitter and combiner at each ends. The two paths between 
them are arranged with electrodes. Input light split at the input and passed through 
the arrangements of electrodes. By increasing the refractive index of one path and 
decreasing the refractive index on the other path by applying voltage on both paths 
of the waveguide. This series of effects change the amplitude of the light coming out 
of the waveguide from both parts of the waveguide 12.  

 

LiNbO3

Fixed delay

Variable delay

splitter combiner

+V

 
Figure 3 Optical Modulator 

 
5.1.5. Birefringent Computer Generated Hologram.(BCGH) 

“The switching system is based on a unique polarization-selective optical 
element capable of acting with an arbitrary independent phase function on 
illumination with horizontally or vertically polarized monochromatic light. This 
element is known as a birefringent computer-generated hologram (BCGH). [13]”. A 
switching element can be made from two substrates of BCGH. The BCGH substrate 
consists of two parts, an etched birefringent substrate faced with an etched isotropic 
glass substrate. A polarization rotator is placed between the biregringent substrates. 
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Switching is based on the polarized monochromatic light. The polarization rotator 
acts as the switching controller for this device. When a two input beam of polarized 
lights fall on the first BCGH element it focuses the light to the polarization rotator. 
The second BCGH element deflects (ON state) or passes through (OFF state) without 
deflection depending on the polarization rotators state. Since this switching element 
is a transparent and symmetric, it can be used in reverse direction. 

birefringent isotropic Polarization 
rotator  

Figure 4 BCGH based 2 × 2 switching element 

 
5.1.6. 2D MEMS and 3D MEMS 

In 2D MEMS the electrostatically actuated mirror act like switches to control the 
light going into different output fibers. The mirror position has two states on and off. 
A N×N 2D MEMS switch needs N2 number of mirrors to be fabricated on the 
substrate. Due to insertion loss and restricted substrate areas, only 32×32 dimensions 
are practically possible to produce. Optical cross connects with high port count can 
be made with interconnecting multistage 2D MEMS switches.  

The 3D MEMS switch is based on rotating mirrors to stir the light beam between 
input and output fibers. Mirrors are capable of rotating in a three dimensional 
fashion. 3D MEMS switches with more than 1000 port numbers are reported [3]. 2D 
and 3D MEMS provide true bitrate independent, optically transparent and protocol 
independent switching devices. The main drawback of 2D and 3D MEMS are the 
time switching times of mirrors are in the range of 7~10 milliseconds. So they are 
only suitable for circuit switched optical communication networks.  

5.2 Related Optical Components 
 
5.2.1 Smart pixel Arrays 

Smart pixel arrays (SPA) are two dimensional arrays of optoelectronic 
components with electronic circuitry built in on each element. A typical smart pixel 
has three parts an optical transmitter element, optical receiver element and an 
application specific electronic circuitry. SPAs are mainly used in optical backplanes 
and chip to chip optical interconnects. Smart pixel arrays (SPA) can be classified into 
three categories in terms of the partitioning of the optical I/O: uniformly distributed, 
centralized, and clustered modes [5]. 
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5.2.2 Vertical-Cavity Surface-Emitting Laser (VCSEL) 

VCSEL is a surface emitting laser diode. It structure consists of an active laser 
generation layer sandwiched between two distributed bragg grating mirrors (DBR). 
These devices are widely adopted for optical communications because of its light 
emitting nature at 90 degrees relative to the surface plane. VCSEL has comparatively 
low output power than other laser diode types due to its high reflectivity between 
the DBR mirrors. 

5.2.3 Semiconductor Optical Amplifier (SOA) 

Semiconductor-optical-amplifier (SOA) technology provides optical switching 
speeds less than 1ns. SOA is a key technology for optical wavelength conversion, 
regeneration, wavelength turners [15]. SOA is based on laser diodes. Amplification is 
achieved by raising the carrier concentration in the active region of SOA. SOA is 
electrically pumped by an external injection current in order to achieve high carrier 
concentration in the active region. SOAs can be categorized according to its anti-
reflection coating reflectivity, namely (i) resonant SOA (reflectivity 10-2) (ii) traveling 
wave SOA (10-4) [15]. Optical communication components mainly use the traveling 
wave SOA. A ‘’SOA gate’’ (SOA based element) is controlled by the injection current 
to the SOA active region. When the current is absent or low no lasing happens and 
light coming into the SOA is blocked. It outputs the amplified input light, when the 
injection current is high. 

5.3 Related Technologies for the proposed WDM based switch 
 
5.3.1  3R regeneration  (re-amplification, reshaping, retiming) 

Future Terabit Optical communication networks require more and more 
transmission distance as possible. These distances range from tens of kilometers to 
thousands of kilometers. Networks with such a high bit rate and long span will be 
exposed to the signal degradation properties of optics in fiber medium. 
Nonlinearities induced in the underlying communication devices and other 
environment factors. An optical point-to-point network does not have high 
requirements for 3R regeneration, and hence comes with ordinary optical 
amplification techniques for transmission. point-to-point networks have not shown 
any problems that need 3R regeneration techniques, but in multi-hop dynamic 
systems with variable channel bit rates, switching of channels to different paths with 
variable length, devices with cross connects and add/drop multiplexing and de-
multiplexing and delay lines can impose different signal levels and attenuation 
problems on the underlying traffic. Thus channels coming from different networks 
can have different levels of deficiencies in the signal (signal quality). Therefore, it is 
necessary to raise the quality of the signal to an optimum level, for the switching 
device to function accurately. 
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The main factors of signal degradations are  

1) Amplified spontaneous emission (ASE) of the optical amplifiers in the 
network devices. 

2) Group Velocity Dispersion (GVD). 
3) Polarization Mode Dispersion (PMD) 
4) Higher order non-linear effects in optics such as the Kerr effect  

Amplitude spontaneous emission is caused by the high gain situation in an SOA 
amplifier, where the high carrier concentration in the higher energy states causes 
spontaneous emission to occur. This emission of light with the incoming light to the 
SOA will be amplified and causes signal to degrade.  

Group velocity dispersion is a phenomenon occurs when a light consisting of 
many wavelengths pass through a transmission medium. Different wavelength 
groups experience different refractive index in the transmission medium and travel 
at different speeds relative to different wavelength groups. 

Polarization mode dispersion is a property of light with different polarization 
components travel in a medium with different velocities. 

These main factors impose restriction on the maximum amount of bit rate on 
channel, which can be transmitted with in the bit error ratio (BER). 

3R regeneration consists of mainly three phases  
1) Re-amplification( of input signals) 
2) Re-timing(clock recovery) 
3) Reshaping (determining the correct state of bit information) 

3R regeneration devices are mainly based on Mach-Zehnder Interferometers 
(MZI) and non-linear optical loop mirrors. Figure 5 shows a Mach-Zehnder 
Interferometer based on semiconductor optical amplifier regeneration device capable 
of processing at 40 Gbps [16]. The clock signals coming from the clock recovery 
device are fed with the input signal in the upper hand of the device. A time delayed 
component of the same input signal is input to the lower hand of the device. Input 
signal with clock signal open up a switching window in SOA within the range of 
picoseconds. This switching window will be closed down by the interaction with 
properly delayed input signal coming from the lower hand. The drawback of this 
arrangement is that, the input signal with time jitter is transformed to increase in 
amplitude level at the output and vice versa. (i.e. the offset distance (jitter) will be 
transformed to gain in amplitude at the output). 
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Figure 5 mach-zehnder interferometer based on SOA 

All optical signal regeneration based on temporal slicing of non-linearly 
flattened optical input is demonstrated in [17]. The device in Figure 6 consists of an 
amplifier, normal dispersion fiber (NDF) and a synchronous amplitude modulator 
(AM). The input signals are amplified and go through the NDF.  Due to, the 
combined action of group velocity dispersion and the kerr effect broadens the signal 
pulses to a smooth and flattened square pulse. This effect covers up the timing jitter 
on the signal. At the modulator the broadened pulse is retimed and sliced off with 
respect to the center towards both ends. The output signal shape depends on the 
transfer function of the modulator. The slicing off the center portion by modulator 
provides good restriction of timing jitter on the output signal. 

 

 
Figure 6 non-linear phase broadening and temporal slicing method 

 
5.3.2 Clock Recovery 

A key function of the all optical regeneration is Optical Clock Recovery (CR) 
which extracts the basic repetition rate from the incoming data. The data is fed into a 
circulator to the tunable mode locked laser arrangement. A saturable absorber in 
front of the laser diode and the frequency is tuned by the cavity length. The light 
coming out of the tunable arrangement will be the same repetition rate as the 
incoming data [18]. 

 

`

 
Figure 7 Clock recovery with mode locked laser  
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5.4 Optical Time Division Multiplexing (OTDM) Technologies 
 
5.4.1 Ultra fast all-optical switching 

Optical switching at Ultra fast rates (in terabits/seconds) are achieved at the 
electronic technology level which will lead to more exciting communication speeds 
as one can imagine today. Latest research studies are aimed to achieve 400 
Terabits/sec. These studies basically depend on the most recent advances in the 
quantum well inter sub-band transition in the semiconductor technology. An ultra 
fast optical switch, operating at a rate of 1Tbits/second has been successfully 
manufactured. The communication bit rate was limited due to comparatively large 
recombination time of electrons and holes in the semiconductor, as it gives rise to 1ns 
of switching speed, which corresponds to a bit rate of 160 Gbit/second. To achieve 
more switching speed, it is proposed to use II-IV quantum well semiconductors and 
to utilize the discrete energy levels of the electron transition states (sub bands). “The 
new optical switch has achieved ultra-high speed operation of around 200fs (1fs = 
1femtosecond = 1/1015second) and at the same time, very low switching energy of 
5.1dB (decibel) extinction ratio for optical input of 10pJ (1pJ = 1picojoule). This result 
is expected to be a great stride toward the practical application of ultra-fast optical 
switch. [19]”. Another remarkable research result [20] utilizes the frequency phase 
shift by virtue of the non linear effects in the waveguide. The switching is based on a 
transient cross-phase modulated (T-XPM) all optical switch, which composed of a 
nonlinear wave guide and a filter. An ultra short control pulse is send to the device 
to switch a signal, this short pulse induces more number of photons in the carrier, 
these conditions lead to band filling effect in the carrier and the refractive index for 
the signal pulses decreases, this decrease in refractive index induces a transient non 
linear frequency phase shift on the co-propagating signal pulses. The coinciding part 
of the signal pulse with control pulse undergoes large frequency shift compared to 
other part of the signal and the filter is used to select out the signal pulses. 200 femto 
second optical switching and 1.5 Terabit/second have been achieved. 

5.4.2 OTDM Networks 

All optical time division multiplexing is an optical domain version of the 
electrical time division multiplexing. They provide high bandwidth, bit-rate/format 
transparency, and protocol independent communication systems. OTDM can have 
two types of multiplexing, 

 1) Bit interleaved OTDM  
 2) Packet interleaved OTDM.  

In bit interleaved systems, each bit must be synchronized with clock pulses to 
be received properly at the receiver end. Bit level synchronization is required to 
recover the signals at the receiver end and provide timed clock signals at the 
transmitter end. The recovery of the data and clock signals at the receiver end is a 
difficult task. Bit interleaved OTDM systems cannot provide bit rate and protocol 
transparency, which is one of the attractive features of all-optical communication 
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systems. Crosstalk between adjacent pulses and walk-off are two potential 
drawbacks of these kinds of systems. 

Packet interleaved OTDM networks provide more high speed access to the 
underlying fiber. These kinds of networks employ optical packet 
compression/decompression of the underlying multiplexed channels. Such networks 
are less vulnerable to cross talk and walk-offs and it can provide bit rate and protocol 
transparency.  

Packets coming from low bit rate channels are compressed in time at the OTDM 
transmitter end and decompressed at the receiver end. Header processing should be 
done optically and header information must be kept as low as possible to achieve fast 
processing. 

OTDM output data streams (OTDM frames) are constructed in by timely 
multiplexing low bit rate channels. On the receiver side of the OTDM the ultra high 
bit rate streams are de-multiplexed into lower bit rate channels for reception. OTDM 
provides the flexibility to adjust the bandwidth allocation in different underlying 
channels so it is possible to have different bit rate channel in the OTDM packet 
switching mechanisms. For ‘n’ low bit rate channels with bit rate ‘B’, after time 
multiplexing the streams, output stream will have the bit rate of ‘n*B’. First 
important technology of OTDM is ultra short wave pulse generation, which is used 
for generating data stream pulses with the help of optical gates. Ultra short pulses 
can be generated by using phase locked laser sources (PLL). Actively mode lock 
erbium doped fiber lasers can provide 2ps short optical pulses [21]. Super continuum 
(SC) is another technology which can generate transform limited low jitter optical 
pulses. Femto-seconds transform limited pulse can be obtained from the filtering the 
SC spectrum [21]. These types of sources are widely used in WDM, OTDM systems 
and for optical sampling waveforms. Optical modulator is used in combination with 
the phase locked pulse generator to modulate the data in optical signal form. An 
important feature of the laser – modulator combination is that when the input data 
and laser are correctly timed, that means output result of the modulator will be 
completely ‘on’ or ‘off’ when the optical pulse passes through it.  

Ultra high speed optical time division multiplexing is one of the key 
technologies to realize Tbits per sec communication speed in future optical networks. 
400 Gbits per sec single channel transmission through 40km has been reported in 
[22]. Short pulse generation was achieved by mode locked fiber ring laser (ML-FRL) 
combined with supercontinuum (SC) and time division multiplexing by planar light 
wave circuits (PLC). Pre-scaled phase locked laser (PLL) timing extraction using four 
wave mixing (FWM) in semiconductor laser amplifier and FWM is used for all 
optical demultiplexing. To achieve transmission capacities of Tbits per second, 
OTDM optical networks should have short pulse generation, compensation of 
dispersion slope of the transmission fiber (or Dispersion compensated fibers, DCF), 
reduction of relative timing jitter at the demultiplexer, reduction of polarization 
mode dispersion (PMD) of the fiber, sub-picoseconds pulse generation, non linear 
pulse compression in fiber [22,23]. One of the important factors of the OTDM 
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requirement is the compensation of dispersion slope in the transmission fiber which 
can be compensated by using dispersion slope fibers and PLC compensators. “The 
relative timing jitter between the signal and extracted clock is another problem which 
degrades bit-error-rate (BER) performance in the high-speed region because the 
relative timing jitter itself causes bit error at the time-division demultiplexer in the 
optical receiver. [23]”. 

5.4.3 Multiplexing (or Combining) 

Combining can be of two types, passive combining and active combining. 
Passive combining can be attained with directional couplers, but the coupling losses 
will be large because each directional coupler introduces 3db coupling loss for every 
coupling of the channels. Active combiners are optical switches based on TiLiNbO3 
[24]. One of the main advantages of active combiners is that it can reduce crosstalk by 
decreasing the pulse overlap between two successive pulses and it can also perform 
optical sampling function required for optical multiplexing. The process of 
multiplexing into high bit rate stream can be subdivided into three parts, 1) sampling 
2) timing 3) combining. 

OTDM (Optical Time Division Multiplexing) multiplexers, integrated with 
MQW electron absorption modulators or LiNbO3, intensity modulators, based on 
Four wave mixing (FWM) of SOA and nonlinear optical loop mirror (NOLM) based 
multiplexers, have been reported. FWM and NOLM based technologies are suitable 
for ultra-fast OTDM systems because of their ultra fast nonlinearity properties. Time 
division multiplexing of low bit data rates should be accompanied with timing 
reference signals in the OTDM system, in order to de-multiplex at the receiver side of 
the system (end nodes).This reference signal can be multiplexed with the data signals 
or it can be sent in a separate fiber.  

The incoming signals should be delayed one another by some small time 
periods, so as to combine and encode all data bits from every channel in the 
multiplexed stream. In order to get the maximum multiplexed bit rate the delayed 
time period should be almost equal to the time period of one bit. In this case, each 
pulse in the multiplexed streams become so just close to each other, and this property 
can cause crosstalk between two pulses in the multiplexed stream. It is possible to 
reduce the time duration of the pulse in the multiplexed stream to lower durations, 
but this reduction can cause dispersion problems in long haul communication 
systems.  

5.4.4 Demultiplexing 

Demultiplexing is the most complex part of OTDM system since the 
multiplexed high bit rate stream should be demultiplexed to the correct bit detection 
system, corresponding to each  base channels. Timing of each reference bit or packet 
level should be globally controlled from the channel multiplexing level to the 
receiver end. Several other techniques have been introduced together with the timing 
requirements for OTDM networks. Timing control functions for OTDM 
demultiplexers will be discussed later. Demultiplexing at bit level, as mentioned 
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earlier, can introduce crosstalk in the process and this can lead to an error when 
detecting the correct information. To accurately reference each bit the reference 
signal should be shorter than the period of the data bit period on the multiplexed 
stream. For systems with more channels, active demultiplexing networks can be 
constructed by interconnecting 1×2 active switching elements. The interconnection 
network can be of two types, bus or a binary tree.  

5.4.5 All-Optical Header Processing 

One of the requirements for all optical networks is to process the header 
without sacrificing the bandwidth of the fiber. There are many all-optical devices, 
which are controlled by the optical signals that control the other light in the same 
device. Such devices can transmit data and control signal through the same fiber. 
One of such a device is nonlinear optical loop mirror (NOLM). The NOLM has two 
important properties, namely the inherent stability of its interferometer arrangement 
and the very fast response time, based on the fiber nonlinearity which enables ultra-
fast signal-processing [25]. Due to the large length and power requirements, NOLM 
cannot be used as an optically controlled optical switch. Another type of device 
based on NOLM, called Semiconductor laser amplifier Loop mirror configuration 
(SLALOM) can be used to achieve reduced power functionality. Small size of the 
device provides the advantage to integrate SLALOM in a chip. SLALOM based 
devices can be used to make various kinds of functional devices for optical 
communication, such as  

1) Pulse regenerator in fiber loop buffer  
2) Pulse-interval decoder 
3) Optical retiming device 
4) Optical demultiplexer 

The structure of SLALOM is shown in the following Figure 8. It consists of a 
fiber loop coupled at the neck forming a fiber loop which consists of a SOA and a 
delay line. 

SO
A

Port 2Port 1
 

 
Figure 8 SLALOM structure 
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There are several existing methods for all optical header processing, some of the 
important and popular techniques are  
 

1) Serial All Optical header processing 
2) Bragg Grating Assisted All Optical header processing 
3) Ultra-fast Asynchronous Multi-output All Optical header processing 
4) All Optical header Processing based on Time-to-Wavelength Conversion 

Serial All-optical header processing [26] is based on two phase correlation 
principle in a SLALOM configuration.  A 2.5 Gbps header bit rate and 10 Gbps 
payload have been demonstrated and this method is extendable up to 160 Gbps.  All-
optical header processing based on SLALOM is shown in the Figure 9. The main 
parameters of the SLALOM are, ‘T’ the time between two pulses, ‘τ’ the delay time 
and ‘τe’ the recovery time of the SOA. These parameters altogether provides the 
condition for two phase correlation to occur in the SLALOM. The condition of two 

phase correlation is eT ττ <− 2
. At this condition the header packet pulse will create 

a two phase correlation pulse and the high bit rate payload will drive the SOA to 
saturation. The saturation condition of the SOA will suppress the payload packet 
pulses. Manchester encoding is used to provide to prevention of duplicate processing 
of the header and to differentiate the header and payload.  

 

 
Figure 9 SLALOM based header processing unit 

PG-pattern generator, MZ – mach-zhender interferometer, PC polarization controller, 
SLALOM 
 
5.4.6 All-Optical Packet Compression and Decompression 

Most of the compression and decompression techniques are based on optical 
delay lines and optical sampling [28]. Simultaneous 100 Gbit/s packet compression 
and decompression is discussed in [28]. The same device is used as packet 
compressor and de-compressor in this study. The structure is based on a series of 
fiber delay lines coupled with mach-zhender interferometer with one arm providing 
the required delay and the other allowing without delay.  The structure is shown in 

the Figure 10. Each delay line is a power of )(2 00 τ−Tx  where ’x’ = 0,1,2…. . T0 is the 

uncompressed packet pulse spacing and τ0 is the compressed packet pulse spacing. 
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This structure can compress and decompress N bit packets, when packets contain 2n 
number of bits then we should have an ‘n’ number of stages in the structure (N=2n). 
With an incoming bit rate of 100 Mbps the structure was able to compress a 16 bit 
optical packet with a 4 stage structure has been demonstrated in [29]. A four stage 
structure is shown in the Figure. 10 [29]. When the packet goes through the structure, 
each bit is delayed and the superimposed. Compressed packet is taken at the correct 
time by a modulator. (For example, a 16 bit packet will appear at the time 160 ns, if 
the pulse width after compression is 10ns). The compressed signals have a 

compression ratio of T0 / τ0. The time diagram is shown in the following Figure 12 
[29]. Demultiplexing is performed in the same structure. With compressed packets 
inject to the structure; an accurate clock will provide the exact timing of the 
corresponding bits. After each delay in the structure, each bit will fall in exact time as 
the clocking signal (as shown in the Figure 13). Using a modulator each low bit rate 
or uncompressed bits is extracted from the high bit rate packets. 

 

 
Figure 10 Structure of packet compressor and decompressor [29] 

 
 

  
Figure 11 Detailed view of packet compressor unit (delay lines in a MZI) [29] 
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Figure 12 Packet compression time graph [29] 

 

 

 
Figure 13 Packet decompressor time graph [29] 

 
 
5.4.7 All-Optical Clock Recovery Techniques 

For high-speed (100 Gbit/s) optical systems, the main reason of bit errors in the 
process of packet regeneration is jitter in the time arrival of both input data and local 
clock pulses[30]. 

All optical clock recovery techniques are feasible for RZ and NRZ data format 
transmissions. A NRZ data format with clock pulse recovery at 10 Gbps, is presented 
in [31].  An asymmetric (different path lengths at each arms) mach-zhender 
interferometer is used to work as an XOR gate by tuning the length of the 
asymmetric arm of the mach-zhender interferometer. As a result of XOR gate the 
NRZ signal are converted into pseudo return to zero (PRZ) format. The PRZ format 
data is then amplified with an EDFA and fed into a mode locked fiber laser cavity 
containing a non linear optical loop mirror (NOLM) to form clock pulses 
synchronized to the incoming data. 
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An SOA based all optical clock recovery technique is proposed in [32] at 30 
Gbps. A data format insensitive clock recovery scheme is proposed in [33], using 
SOA a fiber bragg grating and a circular to extract the clock signals from the data and 
a two section distributed feedback laser (DBF) to recover the clock signal [34]. A 
modified model of last discussed structure providing 80 Gbps clock recovery is 
presented in [34], and clock recovery from a NRZ format 40 Gbps data stream is 
presented in [35], a fabry parrot filter and two section gain coupled distributed 
feedback laser. 180 GHz clock recovery using a self pulsing multi section distributed 
feedback laser on RZ format data is presented in [35].  

5.4.8 All-Optical Add/Drop Multiplexing 

Optical add/drop multiplexers are required to extend the OTDM point-to-point 
transmission to an optical network domain. The add/drop functionality consists of 
dropping a single low-bit rate or high bitrate channel from the incoming high-speed 
OTDM signal and inserting a new low-bitrate or high bitrate channel into the 
dropped channel slot. 

Add/drop multiplexing 160 Gbps is studied in [36], it is based on cross phase 
modulation (XPM) in a SOA. In [36] add/drop multiplexing at 160 Gbps is 
demonstrated. OTDM packets 160 Gbps is split into two clockwise propagating (CW) 
and counterclockwise (CCW) propagating signals at the two arms of a NOLM, the 
control signal at the basic channel rate is coupled to the NOLM through a polarizer. 
Orthogonally polarized control signals traveling clockwise interacts with the 
Clockwise (CW) traveling OTDM pulses and experiences an extra phase shift due to 
cross phase modulation. CW pulses and CCW pulses interfere at the coupler, and the 
dropped channel will be out from the drop port and the remaining channels will 
come through the ’through port’. The control signal is removed from the NOLM 
through polarization beam splitter (PBS2 in the Figure 14 [37]) by properly 
controlling the polarization controller (PC3). By controlling the walk off time 
between CW pulse and control pulse it is possible to add/drop channels from the 
OTDM pulses. 
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Figure 14 HNLF and NOLM based add/drop multiplexer [37] 

 
5.4.9 Limitations to high bitrate transmission in OTDM 

Beyond the 100 Gbps per stream transmission rates several physical limitations 
degrade the communication, and these factors are very important when designing an 
OTDM network. The factors include, 

1) Amplifier noise  
2) Gordon-Haus effect  
3) Raman induced timing jitter 
4) Stimulated Brillouin scattering 
5) four wave mixing 
6) Self phase modulation 
7) Dispersion  
8) Polarization 

Amplification in any node involves noise in the communication channel. The 
amplified spontaneous emission noise in an optical amplifier is a main cause to this 
noise. In a multi hop network the incoherent scattering in the fiber can also make 
random noise in the channel and the amplification systems end up in amplifying all 
these types of noise at the node.  

“In the soliton regime, amplified spontaneous emission (ASE) noise causes 
random perturbations to the soliton frequency, which leads to a random shift in the 
pulse arrival time. This time jitter can be quite significant in wide-area networks, 
because its variance increases with the cube of the propagation distance.”[37] This so-
called “Gordon-Haus” effect limits the minimum separation of soliton pulses for a 
given inter-symbol interference [38]. 

“Optical soliton pulses generally experience a continuous downshift of their 
carrier frequencies when they are propagating in a fiber with anomalous group 
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velocity dispersion (GVD). This so-called soliton self-frequency shift (SSFS) 
originates from the intra-pulse stimulated Raman scattering, which transfers the 
high-frequency part of the pulse spectrum to the low-frequency part [39]”. This 
frequency shift is directly proportional to the square of the propagation distance and 
is vital in OTDM networks. 

The processes in which some part of an incident beam of the power (intensity) 
after reflection undergoes a slight change in frequency. This effect is caused by the 
nonlinearites of third order in the transmission medium. This type of effect is called 
Stimulated Brillouin scattering.  

Four wave mixing which is caused by two pulses of different frequency with 
same pulse intensity travels in a fiber cause other frequencies to be introduced in the 
fiber.  

Self phase modulation is caused by the non linearities in the fiber; it is mainly 
because of the kerr effects on the fiber medium, when long propagation is required.  

Pulse dispersion and time jitter can cause inter bit overlapping and inter packet 
overlapping in long haul transmission systems. This can be avoided using different 
type of dispersion compensation fibers. 

Polarization is caused by the two different velocity components of both 
polarization axis in the fiber medium.  
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6. Related Works – A Comparative Study 
 

6.1 KEOPS Project 

The ACTS KEOPS (Keys to Optical Packet Switching) project is based on the 
outcome of ATMOS (ATM Optical Switch) project [40]. The main aim of the study is 
to design and develop a bit-rate transparent all-optical packet switching for future 
all-optical networks.  

6.1.1 Network Model of KEOPS Project 

The existing standards such as ATM, synchronous digital hierarchy (SDH) and 
other packet based systems dominate the core network. The existing whole system 
can be named as the electrically switched layer. The second layer, an optical 
transparent transport layer, at the bottom of the electrically switched layer uses 
WDM techniques to upgrade the existing capacity to multi gigabit range. The routing 
will be based on optical cross connects (OXCs) which will allow network 
reconfiguration over a long time scale. The KEOPS project main objective is to 
propose an optical transparent layer between the above mentioned layers, and try to 
effectively accommodate the high capacity of the network. This will work as a 
switching network between electrically switched layer and the core network. This 
switch architecture can be used in a backbone for MAN s. 

Packet Structure 

  
Figure 15 packet Structure of KEOPS architecture 

 
6.1.2 Optical Packet Switching Node 

The general structure of the packet switching node is shown in the Figure 16.  

 

Figure 16 General structure of the KEOPS architecture 
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Input interface is a synchronization block to align the incoming slotted packets 
to the switching matrix. Second block is a switching matrix to switch and route 
packets to different ports in real-time. Third block, output interface, is an 
amplification phase intended to achieve more cascadability in the network. 
Synchronous stream of optical packets with header, guard time, payload format is 
used. Header consists of low bit-rate optical pulses, so as to process it in electronic 
means and the payload is a high bit rate (in megabits or tens of gigabits) optical 
pulse. This switch architecture provides data bit rate independency. 

6.1.3 Input Interface Unit 

This block consists of, a compensator for chromatic dispersion, a payload 
delineation unit which will work with reference to the master clock to select 
appropriate delay for the incoming packets; a header detection circuit which will 
help to resolve contention and to switch the packets at the switching fabric.  

 SOA gates based two dimensional structure is implemented to achieve 
the number of cascaded components than follow up in the switching device. This 
structure also helps to maintain the input power due to splitting. The dispersion 
compensation fiber (DCF) and fiber delay lines (FDL) compensate the chromatic 
dispersion. The passive coupler and delay lines altogether provide the required 
synchronization resolution. The number of delay line stages depends on the 
maximum time delay that the system should provide. The maximum delay for the 
system is should be greater than or equal to the Sum of maximum expected 
fluctuations [41].  

Working principle: “the phase of each incoming packet is detected thanks to a 
specific word encoded in the payload. The payload delay is then compared to a 
reference value to identify the proper path selection. An encoder then selects the 
relevant optical gates to be activated. The maximum excursion between parallel or 
consecutive packets will be maintained within the resolution of the synchronizer. 
[41]”. Wavelength multiplexed packet flow synchronization is also possible for the 
same configuration. Synchronization an input power degradation upto 4db for every 
wavelength is reported with a 16 wavelength multiplex experiment. 

Electronic circuitry
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Figure 17 Input interface unit  
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6.1.4 Switching Matrix 

This block consists of electronic circuitry which manages and resolves 
contention, route the packets and to generate dummy packets when there is no traffic 
at the input ports. The switching architecture is known as ‘Broadcast and select’ 
switch (BSS). Detailed representation is shown in the Figure 18. The First part is a 
wavelength encoding block, secondly the buffering and the time switching block, 
finally a wavelength selection block. Wavelength encoding block is responsible for 
packet switching, buffering of the packets are done by the middle block. KEOPS 
project achieves packet switching by wavelength encoding and selection.  

 “Three electronic first-in–first-out (FIFO) buffers are used to store the 
relevant information after header detection and circuit identifier decoding in the 
input interface, namely the delay to be applied at a given incoming packet, the input 
port from where this packet is coming, and the pointer to the relevant position of the 
routing table corresponding to the path identifier to rewrite the new circuit identifier. 
In the case of a strong contention, a dummy packet will be introduced at a 
seventeenth wavelength (through an additional port of the optical de-multiplexer 
specifically designed to accept seventeen wavelengths or through an other input of 
the FDL buffer coupler), and will be always available at each output port to 
regenerate a continuous packet flow. From the information contained in these three 
FIFO buffers, all relevant control signals are sent to the optical boards with carefully 
adjusted phase relationships. [41]” 

 
Figure 18 Switching fabric  

 
6.1.5 Output Interface 

This block consists of, an all optical regeneration (amplification, including the 
power equalization), time jitter removal, wavelength conversion and a fast electronic 
circuitry to manage header re-writing.  

 A 3R regenerator based on SOA is the basis of the output interface unit. 
The main parts consist of two wavelength converters; the first one uses the cross gain 
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modulation property to provide wavelength and polarization intensity to the system. 
The Second wavelength converter which is based on cross phase modulation is used 
as a decision gate to amplify the signal to achieve good extinction ratios. With fine 
tuning of the regenerative unit, it was found out that the signal could maintain its 
quality up to 4000km. Regeneration unit is shown below in Figure 19. 

 

Figure 19 Header Processing and Regeneration Structure (KEOPS) 

 

6.2 WASPNET (Wavelength Switched Packet Network) 

WASPNET is an EPSRC (Engineering and Physical Sciences Research Council) 
funded project in collaboration with three British universities: the University of 
Strathclyde, Essex University, and Bristol University [43, 44]. WASPNET is a packet 
based statistical multiplexing network architecture. It provides support for the 
existing optical technologies like SDH/SONET. This compatibility ensures upgrade 
from traditional SDH/SONET schemes to WDM based networks. WASPNET also 
considers the network control management, network operation and device 
fabrication issues as its design parameters. In network control architecture, two 
optical packet multiplexing techniques are proposed:  

1) Scattered wavelength path (SHWP) 
2) Shared Wavelength path (SCWP) 

SHWP uses one wavelength for each optical packet path existing in the switch’s 
optical layer.  Since the numbers of wavelength are limited, it is possible to reuse the 
same wavelength in different optical paths. SHWP does not have the ability to 
dynamically route the optical packet to the least congested output and it requires 
large buffer size in order to reduce blocking. In SCWP, an entire optical path is 



27 
 

assigned a single wavelength and the packets routed to these paths are wavelength 
converted to the specified wavelength that matches the path wavelength. On the 
light of wavelength conversion, WASPET resolves contention between two packets 
arriving simultaneously. Buffering is introduced, in case of, scarcity of wavelengths 
to covert packets. Due to the high throughput and low contention characteristics 
SCWP is chosen as the packet multiplexing scheme for WASPNET. Drawbacks of 
SCWP include wavelength conversion and computational complexity at the node 
when a packet restoration is required; the packets need to be sorted in sequence and 
identification of the optical packet path (OPP) when restoration of a packet is 
necessary. Computational complexity has overcome by introducing secondary packet 
paths in the switch.  

 
6.2.1 Switching Matrix 

The packet format of the WASPNET is given in Figure 20. OPP identifier is used 
to identify the optical packet path and ordering the packets with help of the 
wavelength number. Hybridized techniques involving, sub-carrier multiplexing 
(SCM), to get multi rate packet format and frequency division multiplexing 
technique are used to shorten the duration of pulses.  

 

  
Figure 20 Packet structure of WASPNET 

 
6.2.2 Switch Architecture 

WASPNET switching architecture uses AWG and wavelength converter to 
switch packets, AWG provides low cross talk and excellent system performance, 
while the feedback system allows the switch to implement multiple priorities in the 
packet level. Switch architecture is shown in the Figure 21. “Each input packet is 
wavelength-converted, so the first wavelength router switches them either to the 
second router, or onto the correct delay lines, depending on the delay required for 
buffering. Half the first router's outputs each feed a tunable wavelength converter, a 
de-multiplexer, a number of fiber delay lines, and a multiplexer or combiner which 
feeds back to its input. Each input of this router only carries one wavelength, since 
each TWC before it only allows single-wavelength conversion. Hence the controller 
must ensure that several packets do not leave a multiplexer in the feedback loop 
simultaneously; this is achieved by switching packets to the correct first wavelength 
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router outputs, storing packets in longer delays if necessary. [43]”. To support 
SDH/SONET, WASPNET provides semi-permanent path for SDH/SONET signal 
[43].  

 

  
Figure 21 A Switching layer architecture of WASPNET 

 

6.3 OPSNET (Optical packet switch network) 

The OPSNET project [45, 46] is a successor of the WASPNET (discussed above). 
OPSNET is an all-optical packet switched networks supporting management 
architecture. Management architectures include full support for Quality of service 
(QoS) based on differentiated services over multi-protocol label switching (MPLS). 
OPSNET aims to provide direct asynchronous variable packet switching and full 
support for QoS. 

To Support traffics between 40 Gbps – 160 Gbps, physical layer requirement for 
wavelength converter has changed from SOA with cross phase modulation to SOA 
with pump laser based on four wave mixing techniques is used. For space switching 
purpose AWGs are used. To support priorities as well as to reduce delay of the 
packet OPSNET employs packet buffering as the transport layer requirement rather 
than the low buffering and deflection routing strategy in the WASPNET architecture. 
Strictly non block OXC architecture is used to support both circuit switching and 
packet switching. Generalized MPLS support is provided by OPSNET as 
fundamental requirement to support QoS. Diffserv support is provided in order to 
give support for all available differentiated services, thus OPSNET implements the 
Diffserv’s per hop behavior (PHB).  
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6.3.1 Switching Matrix 

The optical packet switching is a layered model consists of management layer, 
node control layer and optical layer. Data payload is retained in optical form, header 
from the packets are extracted and electronically processed at nodes. A 3 stage Clos 
network architecture is formed for supporting the circuit switched traffic and packet 
switched traffic. Three stages are introduced in order to provide non blocking 
passage for the circuit switched traffic (non blocking architecture).  

 
Figure 22 General Optical Switching Architecture of OPSNET [45] 

 

Figure 22 [45] depicts the architecture of OPSNET optical packet switching 
module (OPS module) OXC module is based on arrayed waveguide gratings. Space 
switching of packets is achieved by wavelength conversion and Arrayed waveguide 
gratings (AWG). Each of the switching elements at the router can convert same 
wavelength packets from its input ports to any output port at any wavelength. 

6.3.2 Header Processing 

OPSNET uses the ‘discrete phase shift keying (DPSK)’ encoding for the header 
processing. Schematic representation is on the Figure 23 [45]. 
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Figure 23 Header processing (OPSNET) [45] 

Header processing without disturbing the payload is claimed to be achieved in 
[45]. The Header is retrieved by simply sending the packet through the Mach-
zhender interferometer (MZI) shown in the Figure 23. Electronic header processing 
adds up a latency of 6ns on each packet on the switch. Re-circulating serial buffers 
(shown below Figure 24) proposed in WASPNET is used as the buffering solution in 
OPSNET. Buffering unit is shown in the Figure 24. 

 
Figure 24 Optical buffering structure of OPSNET architecture [45] 

 
6.3.3 Conclusion 
Three important switching architectures are studied. A comparison table is provided 
in Table.1. It is evident from the study that OPSNET optical packet switching 
architecture has many advantages compared to other optical switching architectures. 
Key feature include, less buffering, switching packets through wavelength 
conversion, novel subsystem design approaches to optical switching. 
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Architecture Type of traffic 
Switching 
architecture 

Switching 
fabric 

Increase in 
hardware 
elements versus 
number of input 
ports N 

Number of Switching 
elements 

Advantages 

KEOPS 

Low bitrate  
for header and 
high bitrate 
payload 

Broadcast 
and select 
Switch 
(BSS) 

Wavelength 
routing 
switch 
(WRS) 

Quadratically 

(N + (N+K)) 
SOA gates 
N-ports 
K-fiber delay lines 

Supports multicasting, 
Prioritized packets 

WASPNET 

Hybrid form 
of Subcarrier 
multiplexing 
and frequency 
multiplexed 
multirate 
packets 

Shared 
Wavelength 
path 
(SCWP) 
based 
wavelength 
routing 

Arrayed 
Wavelength 
Gratings 
(AWG) 

Linearly 

 A 2N × 2N wavelength 
router and N × N 
wavelength router with 
4N Tunable wavelength 
converters 

Prioritized packets, 
Backward compatible 
to  SDH/SONET 
circuit switched traffic 

OPSNET 

Ethernet like 
packet 
(variable 
length) with 
guard time 
between 
header and 
the payload 
(DPSK header 
encoding 
scheme) 

3 stage close 
network 
consisting 
OXC in the 
middle 
stage and 
OPS 
modules at 
the end 
stages 

Arrayed 
Wavelength 
Gratings 
with OXC 

Linearly 
N arrayed wavelength 
gratings and 2N tunable 
wavelength converters 

Full support for QoS, 
support for cirucuit 
switched traffic, 40-160 
Gb/s fast optical 
switching 

Table 1 
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7. Solution Proposal for WDM based Switch 

Optical switches and routers are the back bone of any optical communication 
system. To achieve Terabits per seconds (Tbps) switches and routers, one should 
think of new architectures in terms of performance, low overhead on the control 
processing, contention resolution schemes and routing of packets in efficient ways. 
Most of the work done in this area utilizes the space and time domain to switch the 
optical packets. To achieve Terabits per second level one should also think in terms 
of parallelism with the space and time domain. Parallelism introduces new levels of 
complexity in the architecture and controlled signal processing at the device level 
such as parallel header processing, contention resolution and multiplexing switched 
traffic to specific output ports. These requirements impose parallel executing 
algorithms and high speed parallel architectures on the control unit. This work 
introduces a new parallel processing space-time domain optical switching 
architecture and discusses various levels of flexibility and advantages over existing 
architectures.  

7.1 Architecture 

An all-optical 4X4 switch architecture is presented in Figure 25 above. Input 
fiber links are fed into separate 3R regeneration (reshaping-re-amplification-
retiming). After regeneration of the individual fiber traffic, it is fed into splitter unit 
(for 90% and 10% fractions). The 10% fraction is utilized for header processing, which 
is done electronically. The header processing unit and control unit are separate 
layered units for each incoming fibers, this provides the opportunity to process the 
header parallel. In order to compensate the time required to process the packets at 
header unit; the input traffic is delayed by a time equal to the packet time slot in the 
switch and the processing time delay for the packet. To compensate this delay an 
optical delay is introduced between the couplers (that couples the fiber to the header 
processing) and the wavelength de-multiplexing units in the switch. The signal is 
then wavelength de-multiplexed to individual wavelength channels by arrayed 
waveguide gratings (to get low crosstalk and quality signals out of the incoming 
fibers). The splitting phase is also a layered (parallel) blocks of devices for each 
incoming fiber. This phase consists of a splitting unit. The number of spitted signal 
components depends on the number of ports of the switch, and this number equals 
to the number of ports. After splitting the traffic goes through a parallel arrangement 
of semiconductor optical amplifier gate arrays (SOA Gates).  

These parallel arrangements of arrangement of SOA Gates function as the 
switching for each optical packet in every particular wavelength channel. The 
arrangement of splitter and the SOA gate array can be replaced with a blocking 
fabric. It does not require non-blocking or strictly non blocking fabrics because the 
switch architecture merely needs to switch the packet to any one of the output ports 
of the fabric. However, using a blocking type of fabric can reduce the number of 
switching elements used inside the fabric but when considering two successive 
switching times for two different packets intent for different output ports, the time 
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taken to rearrange the whole switching path through switching elements need to be 
less than the inter-packet arrival time (the time difference between two packets in the 
channel). So it is better to use a non blocking switching fabric. In order to achieve low 
switching delays and flexibility a splitter with SOA gates are used in the switch 
architecture. The switching of the SOA Gates is controlled by the control unit. 
Switching is achieved by blocking the signal (by turning off the SOA Gate) and 
allowing the signal to pass-through (by turning on the SOA Gate). The output traffic 
from each such parallel arrangement goes through a SOA and fiber delay line based 
‘delay network’ structure to resolve the contention of packets from each port lines 
(from each layered blocks) due to same wavelength packets contending for a 
particular port at the same time. Functionalities of the switch itself can be changed to 
different component combinations to attain different versions of the same 
architecture. Detailed description of each phase and their variations with other 
combination of components are shown below. 

A 4Χ4 optical packet switch is demonstrated in this work. Each section present 
details about the technologies and alternative methods to achieve the same 
functionality. Discussion and analysis of the entire architecture will be presented at 
the conclusion Section 8.2. 

The first phase of the switch can be fulfilled with the devices discussed in the 
Section 5.3. The outputs of the enhanced signals are split to 10% and 90% 
components. The 10% component is sent to the header processing unit, where the 
header of each incoming packet will be processed electronically. The header 
processing unit can be separate for each wavelength (λ) depending on the cost and 
parallel implementation strategies. In this study it is considered that, for every 
incoming input fibers there is a dedicated header processor.  In the case of separate 
header processing units, it is necessary to have a common control unit to control the 
entire header processing units. Each header processing block contains a wavelength 
demultiplexer to separate the individual wavelength channels before converting then 
into electrical domain. The 90% component of the signal is send to the wavelength 
multiplexing components to split it into 4 separate copies, for the switching purpose 
towards the splitting element. (Figure 26). Each portion of the signals is split into 
four parts (for four output ports) and then feed into the SOA Gate arrays which are 
controlled by the control unit. According to the header information read on the 
header unit the control unit will switch one of the SOA Gate and allow the packet to 
go through, other split component of the traffic will be blocked at other SOA Gates, 
hence will not come out of the SOAs. By virtue of this functionality, the switch 
basically switches an optical packet from its input to the output port. For a 16×16 
switch, that uses 16 wavelengths, there will be 16 arrays of SOA elements in 16 layer 
blocks for each wavelength channel. The number of SOA elements can add up to 16 × 
16 numbers of devices of such kind, and the number of SOA used will be, 16 × 16 Χ 
16. SOA has the benefit of amplifying signal simultaneously on the output side. The 
splitter can be made of 3db couplers. This can only be done when the port count is 
very low. 
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Figure 25 Proposed solution for WDM based all-optical  switch 
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Figure 26 Splitting unit with SOA gate array 

 

Instead of using the splitter in the Figure 26, it is better to use a directional 
coupler or SOA based splitting structure shown in the Figure 27. This structure has 
an even power distribution of signals to the SOA Gate arrays. 

 

Figure 27 Directional coupler based splitting unit 

 

 This phase can be replaced with a single 4 Χ 4 non-blocking switching 
fabrics. For example a 4 Χ 4 benes network shown in Figure 28. This solution has a 
disadvantage, when the number of switching elements needed in each block will 
increase to 16×4×4.  

 

 

Figure 28 A 4 Χ 4 dilated benes switching fabric 

 

The output ports of the above mentioned device are only partial, since other 
packets in the switch can arrive simultaneously to the same number port from other 
blocks as well.  Since these packets are same in wavelength, packets that are coming 
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out of each block with same wavelength and port number can cause contention in the 
switching device. Contention can be resolved by introducing fiber delay lines in the 
on each blocks outputs, but in this scenario it is not possible to use fiber delay lines 
because optical packets on same wavelength coming from four different paths and 
trying to access the same port at the same time. Moreover, it is necessary to delay, 
each packet coming out of each path (path between the SOA gate array and the Delay 
network) up to 4 times (in the case of a 4×4 switch) of the period required for a 
packet to pass through the path, or else it will end up in delaying every packet 
constantly on a delay path where the maximum delays are introduced. It can be 
solved by introducing four passive fiber delay lines on each path and then send it to 
the multiplexing unit. This method introduces more complexity and excess usage of 
fiber delay lines and more multiplexing units for each path. Therefore, it is necessary 
to provide same delay for every packets coming from all paths. It is possible to 
provide such a delay network for each path as shown in the Figure 30. SOA elements 
with delay lines are used to construct the delay network. Directional coupler can also 
be used instead of SOA elements but directional couplers do not provide the 
switching speed in the range of nanoseconds. Each delay network corresponding to 

same port from different blocks is wired together to a multiplexer (or modulator). 
j
i

λ  

represents ith wavelength and j represents jth block from which the channel originates. 
In this case, 4 blocks of elements and j = (1, 2, 3, 4).  

M
u
x

 

Figure 29 Delay network with Combiner 

 
 

 
Figure 30 Detailed view of Delay network based on SOA elements 

 
The packets on the other channels (on other wavelengths) can be multiplexed by 
putting a wavelength multiplexer in at the end of each multiplexer (the one shown in 
Figure.31) to form a WDM output port. An alternative to this configuration would be 
multiplexing all the different channels from different blocks (which was intent to go 
through the same port in the context) to a separate wavelength multiplexer and then 
to the delay network as shown in the Figure 31. The subscripts are different 
wavelength channels and the superscript represents the corresponding block number 
for that wavelength channel. This has the disadvantage of delaying other channel 
packets, as it goes through the delayed network.  
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Figure 31 Wavelength multiplexer 

The Buffering problem in the switch can introduce high packet loss rate in the 
switching device when high amount of traffic from input fiber ports are concentrated 
to a specific output port. In order to resolve the buffering problems, it is necessary to 
buffer the optical packets temporarily at the port. Optical fiber delay lines are used to 
buffer the packets in optical domain. The buffering time is constrained due to the fact 
that light cannot circulate indefinitely in a fiber due to optical nonlinearities (such as 
dispersion, reflection, fiber nonlinearities and other attenuation factors). This is a 
general problem in optical communication devices. Packets that need more time than 
the buffering capability time of the underlying FDL structure will be dropped. The 
buffering structure shown in the figure 32 can be used instead of the delay networks 
introduced earlier. Fiber delay lines (FDL) with varying amount delay and SOA gates 
consist each arm of the structure and each phase is coupled together to give a desired 
amount of delay for the optical packets. SOA gates compensate the split losses 
introduced at each stage of the structure. The structure introduces many SOA gate 
elements in the device and thus the number of switching elements increases per port. 
Another possibility to handle the buffering problem is to introduce optical fiber 
feedback lines in the delay network itself. This way, it is possible to have minimum 
hardware elements in place and avoid buffering problems.  

 

Figure 32 packet buffering structure 
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7.2 Discussion of the architecture 

The switch architecture discussed above has the advantage of switching optical 
packets only to the corresponding ports it was intend to (no extra processing is 
required to filter out unnecessary packets or redundancy packets), thus improving 
the processing time of a packet in the switch and delay. The switch architecture 
introduces packet delay that is directly proportional to the number ports required in 
the switch. For example a 4 ×4 switch introduces a maximum delay of 4 on each 
packet at the delay network when there is contention in the switch (i.e. when each of 
the layered blocks of SOA gate arrays has same wavelength packets at the first port). 
Thus worst case contention probability at these ports of layer structures altogether, is 
very low at any instance of time. This greatly improves the bandwidth and system 
performance of the switch. Average delay would be very low compared to other 
architectures due to parallel processing architecture and low amount of time spend 
by a packet on the switch. The packet length of the traffic is directly proportional to 
the delay needed in the switch.  

When there is an increase in the number of input ports, each layers of 
component in the switching architecture needs to be added. The delay network 
should be modified to accommodate the delay, for the number of input ports to be 
added. By increasing the wavelength capacity it is possible to attain more throughput 
out of the switch with minimum hardware changes The scalability issue on 
increasing the port count can be seen as increase in a switching layer., while, 
increasing the wavelengths in the system needs the a change of the all the sub-
systems(or modification of most of the sub-system). The number of switching 
elements required for packet switching is linearly increases with increase in the 
number of ports (keeping the number of wavelength constant). A 16×16 switch with 
16 wavelengths, each wavelength channel having 10 Gbps, can have a throughput of 
2.56 Tbps. (number of ports × number of wavelengths × each wavelength channel 
capacity). 

The number of switching experienced by the packet is reduced dramatically 
compared to other architectures. The packet experiences delay in the network if and 
only if there is a contention to access the same port.(i.e. a maximum of three). The 
total processing delay experienced by the packet would be, 1ns for the packet time 
slot + packet processing time (1ns using current electronic processing) + 3ns (for a 
worst case contention state in the switch). The delay experience by the packet is very 
much minimized using this architecture.  Unnecessary delays are avoided by 
introducing different processing and switching blocks for each wavelength channels. 
Scaling the switch for more ports is possible even though the number of wavelengths 
available in WDM networks is restricted. Excess bandwidth requirements for a 
particular channel can be met by injecting more traffic at other wavelengths channels. 
QoS services can be implemented, but it is left as future study area. No wavelength 
converters are used in this architecture compared to other architectures presented in 
the related works. 
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The drawback of the switching architecture is that the buffering problems arise 
when the amount of traffic increases. This problem can be overcome by introducing 
feedback optical delay lines around the delay network, or providing an extra 
wavelength converter and divert the packet through an extra port in each of the 
wavelength multiplexers for resolving the buffering problems. 

When the switch is scaled to accommodate higher number of ports, 
amplification would be required, since the splitting of wavelength channels, divides 
energy equally towards each and every path.  

7.3 Future Work 

Future works for this switch include, solving the buffering and studying the 
amount of buffering required for the switch, introducing reconfigurability in the 
switch architecture, header rewriting technologies for the switch and simulation 
studies. One can also study the control management, algorithms for the parallel 
header processing and QoS service implementations opportunities in .the switch. 
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8. Solution Proposal for OTDM Based Switch 

8.1 Introduction 

A general structure of the OTDM packet switching element is shown with the 
following Figure 33. 

 

Figure 33 General architecture of a OTDM packet switch 

The main functional blocks of a all-optical packet switched time multiplexed 
system is, 

1) Ultra-fast laser pulse generation sources. 
2) Optical pulse regeneration 
3) All-optical clock recovery techniques. 
4) All-optical packet synchronization techniques 
5) All-optical header processing techniques. 
6) Packet compression/decompression 
7) Switching fabrics. 

Ultra-fast laser pulse generation at femto-seconds is reported and already 
discussed earlier, at the beginning of the OTDM solution Section. 

 

Figure 34 Regenerator for OTDM packet switched networks [47] 

 

All-optical data regeneration techniques are studied in [47-50].Optical data 
regeneration is shown in the above Figure 34 [47]. In [47], uses a polarization-
discrimination Symmetric Mach-Zhender (PD-SMZ) to optically regenerate data. The 
clock signal are divided and inserted with the data into the SOA. The output from 
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SOA depends on whether the clock pulse and data pulse constructively interfere or 
destructively interfere when both data and clock signal arrive at the same time. 

Self Synchronization scheme of OTDM packets is presented with NOLM and 
SOA [51]. Self synchronization using SOA and Delay Interferometer (DI) is presented 
in [52]. These studies are mainly based on the property of fast gain saturation and 
slow gain recovery of the SOA in Self synchronization mechanisms, due to this effect, 
the clock signal at the beginning of the optical packet experiences high gain and 
phase shift compared to other pulses in the packets. An intensity discriminator can 
select out the high intensity pulse and suppress the other pulses on the packet. Using 
this pulse, it is possible to trigger a local clock to synchronize to each bit level of the 
packet. A self synchronization mechanism is shown in the Figure 35 [52] based on 
SOA and delay interferometer. 

 

Figure 35 Packet self synchronizer [52] 

Packet compression and decompression are feasible at large bit rates using 
simultaneous feed forward fiber delay lines with mach-zhender interferometers. All 
optical packet synchronization and address comparison scheme is discussed in paper 
[53, 54]. Incoming packets from the network are split and provided as the control 
pulse train and to the address comparison ultra fast nonlinear interferometers (UNI). 
Bit phasing between the incoming packet clock signals and the 10 Gbps local clock 
generation pulses is maintained by using and optoelectronic dithering phase locked 
loop (DPLL). The network packets contain 40 Gbps bit rate data interleaved by the 
clock pulses, an optical clock pulse is removed from its position to indicate the 
beginning of a packet.  
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Figure 36 Packet synchronization and address comparison 

Synchronization of the packets coming in, is achieved at the UNI1 which 
performs as a Boolean NAND function. At this gate, an optical delay line is tuned to 
overlap with the control pulse in the packet signal and the clock pulse in the receiver. 
When there is no control pulse with wavelength 1545nm in the packet, the pulse 
from the clock is switched out of the gate referencing the beginning of a new packet 
(shown in the Figure 36). This technique is adaptable to variable packet transmission 
systems. Address comparison is done at the UNI2 which acts as a Boolean AND 
function. Each address in the packet can be then bitwise compared with receivers at 
the UNI. Discussion of experimental setup and addressing explained in [54]. 

 

Figure 37 Packet Synchronization based on UNI [53] 

 

Figure 38 Address comparison based on UNI [54] 

Switching fabrics can be regular non blocking networks like dilated benes 
network or batcher-banyan network which is non blocking, and it is proposed in [55]. 
A Banyan network using a ‘batcher network’ that implements merge sort algorithm 
in its hardware, can be used to create a switching fabrics for OTDM packet switching 
networks. 
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Figure 39 OTDM packet Generation [53] 

 

Combined diagram of a packet generation system for OTDM is shown in the 
Figure 39 [53]. In the figure head-end generates a clock pulses at 12.5 Gbps rate and 
the electro optic modulator removes every 1250th clock pulse in order to mark the 
beginning of a 100 Gbps packet. Pattern generator in the transmitter generates 12.5 
Gbps pseudo random bits for payload and address, it then fills up the empty clock 
slots generated by the head-end with address and payload. Pulse phase modulator 
(PPM) passively selects the clock signals on the fiber and modulates the clock and the 
data (PPM is shown in the Figure 40 [53]). PPM formatted data is used, in order to 
achieve pattern-dependent gain saturation-induced amplitude patterning in UNI 
optical logic gates [53]. PPM modulated pulses are then multiplexed to form 100 
Gbps data packets.   

 

 
Figure 40 Pulse phase modulator (PPM) 
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8.2 Proposed Solution for OTDM Broadcasting Switch 

An all-optical time division multiplexing packet switching is an attractive 
functionality to have in multi-hop light wave systems. All optical time division 
multiplexing, Optical TDM (OTDM) networks have the potential to carry Tb/s 
aggregate throughputs on a single wavelength channel by sharing and processing 
vast amounts of data simultaneously. Packet interleaved OTDM transmission is used 
so that it can provide the same characteristics, like bit rate and protocol transparency, 
as the WDM networks. 

Ultra fast OTDM transmission systems can currently handle 1.28 TBit/s and 
have the potential to provide more bit rates. A single wavelength channel consisting 
of 128 multiplexed low bit rate channels, with each having 10 Gbit/s has been send 
to 70 km successfully [56]. Matured all-optical OTDM transmission systems with 
more than 400 GBit/s are already proposed [57]. A comprehensive study of terabit/s 
OTDM transmission system and the technologies used are presented in [58]. 
Considering these capabilities it is possible to aggregate same wavelength cannels 
from different WDM sources, and multiplex them to form a high capacity time 
compressed data frames with OTDM. All-optical solutions for OTDM 
multiplexing/demultiplexing with channel dropping are studied in [59]. This can 
add the possibility to, add and drop input channels from the OTDM frame, thus 
adding the reconfigurability of the device and fault tolerance. 160Gbit/s add/drop 
multiplexers are proven possible by numerical simulations [60]. Add/drop 
multiplexing can be done before the OTDM frames are sent to the switching fabric. 
Packet switching is achieved with the help of the switching fabric. Packet switching 
in OTDM networks need more radical system design and matured technologies. 

 A general structure under study is presented in the Figure 40. Detailed study 
on component level study and possible variations of the general structure is 
presented about the architecture. Practical reliability is discussed in the conclusion 
Section 8.4.  

In the general architecture solution the header processing is not specified 
because it is considered as part of the OTDM subsystem. The switch in general is 
based on broadcasting the packets to all the ports. OTDM systems usually have only 
one wavelength for a single channel or from end to end. The packets format is 
considered to be header and payload separated with guard time. Packets are going 
out of the OTDM is assumed to be fixed length packet frames at regular intervals of 
time.  
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Figure 41 OTDM packet switch based on broadcasting 

AWG is used to split the incoming DWDM signal to the corresponding 
component wavelengths λ1, λ2… λn . Each identical wavelength from every AWG is 
sent to one of the OTDM components of time division multiplexing. After time 
multiplexing each frame will have packets from every input on the same wavelength 
λij, where ‘i’ is the wavelength and ‘j’ is the input number (AWG). Each frame is then 
sent to the switching fabric to be sent to the different ports.  

Contention problems do not occur in the switch because of the OTDM 
transmission system. However packets have to be delayed with optical buffering 
delay lines in order to get access to the OTDM processing of the same wavelength 
packets from each N input. OTDM regulates each same wavelength packets at fiber 
delay loops for time compression and transmission of the packets. To make packet 
switching possible a switching fabric is used at each output of the OTDM systems. 
The switching fabric can be, like Manhattan street networks or a perfect shuffle 
network.  The latter is convenient because its ability to circulate the packets in the 
switching fabric. Since the all-optical header processing and clock extraction units of 
the OTDM does require an optical to electrical conversion. All optical address 
comparison can be done using UNI based optical logic gate but in order to work with 
the switch fabric SOA elements, so one should covert the optical pulse to electrical 
signal to change the state of the switching element in the switching fabric. Although 
SLALOM based all-optical switching elements are realizable, designing a complex 
switching fabric would be a difficult task.  
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The switching fabric can also be replaced with a passive optics based 
broadcasting device, to send OTDM frames to all the output ports. The number of 
OTDM transmission devices needed here depends on the number of wavelengths 
used in the input WDM transmission. According to current standards the number 
would be roughly 20. It is possible to covert the OTDM frames to WDM format and 
sustain the WDM characteristics throughout the network. 

Wavelength routing can also be applied to the above mentioned procedure, but 
the wavelength constraint (a permanent physical light path between two nodes of 
same wavelength channel) in wavelength routing networks is not obtained due to  
OTDM frame packets(though the frame consists of same wavelength packets). This 
architecture not only puts overhead to convert high bit rate OTDM data frame to low 
bit rate channels on the end systems, but also it takes a lot of processing power and 
resources in order to process large amount of broadcast packets from the OTDM data 
frames. The positive side is, 1) increased multi node communication (compared to, 
one at a time or dependency on the wavelength conversion algorithms exist in 
wavelength routing networks) and 2) more capacity and link utilization between the 
switch and the destination node. 
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8.3 Proposed Solution for OTDM Packet Switch 

 
Figure 42 Proposed OTDM packet Switch 

 
 
8.3.1 Working principle  

The architecture for OTDM based packet switch is shown in the Figure 41. It is a 
WDM to TDM 4×4 optical packet switch for OTDM based packet switching 
networks. An end system for packet switching and, to generate OTDM packets are 
shown in the Figure 42. A general structure of the core switching unit is shown in the 
Figure 43. The core OTDM switch structure is generally simple in terms of 
subsystems components. It is because it has same wavelength OTDM packets coming 
into from different ports or input fibers. All optical header processing and 
technologies are demonstrated to be feasible for core OTDM packet switching. The 
packet format scheme is shown in the Figure 38 is chosen for study, because it 
provides flexibility. More over, the packet format provides clock recovery and 
synchronization methods with ease. This is mainly due to its clock pulse presence in 
the packet at regular periods, thus it has the potential to provide accurate 
synchronization of the packet and at each bit level. An OTDM packet is recognized 
by marking the beginning of a packet by a packet marking pulse. 

This architecture can use the existing WDM transmission devices for 
transmitting data packets to the network. Instead of using all optical header 
processing techniques, electronic header processing is proposed for end nodes, 
because end systems do not have the ultra fast requirements like ultra-high 
processing, high bit rate detection requirement, or Ultra-high bit rate needs. 
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Incoming WDM links are de-multiplexed to individual wavelengths and each 
wavelength packet streams are optically regenerated and synchronized with the 
internal clock of the switch. Each de-multiplexed input packet stream is separately 
converted into a single wavelength stream and input to the switching fabric for 
packet switching. The number of packet switching fabrics is equal to the number of 
packet connections or ports to be handled by the switching device. One might also 
consider the input part of the system as a multiplexed traffic (or input from many 
data terminal stations). After the individual packet switching stages each packet that 
are intent for specified ports can be collected from the corresponding port and 
combined to form a single switched packet stream. Each switching stages and 
combiners, makes sure that all the packets from every input is switched and output 
to the corresponding port. It is possible to replace the above mentioned part of the 
switching device structure with the one specified on the Section 7 of this work.  The 
output packet stream from the combiner is fed into the modulator to form ultra-high 
bit rate packets for OTDM.  The ultra-short laser optical pulse source with the data is 
used to form basic OTDM transmission signal. The resulting modulated signal is 
then time-compressed to form ultra-high bit rate OTDM packet transmission.  

The requirements for the core OTDM switches include  
1) all-optical 3R regeneration 
2) all-optical synchronization 
3) all-optical clock recovery 
4) Switching of the high bit rate packets 
5) Address comparison logic ( or Routing logic) 
6) Ultra-high speed switching elements 

All optical processing is required at the core switching element because of the 
ultra-high bit rate packets. High bit rate down conversion and electronic header 
processing would degrade the OTDM functionalities, because the optic to electric 
conversion restricts the processing speed to electronic processing rates.  
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Figure 43 Structure of an OTDM packet switching core 

Core OTDM switching block structure is shown in the Figure 42. Incoming 
traffic from input fiber are taped out using an optical coupler. One arm of the output 
is connected to the clock recovery subsystem and the other is connected to the 
regeneration system. Clock recovery from the underlying packet is an important 
functionality in OTDM core switching devices. This functionality helps the whole 
system to function in a well synchronized manner. Clock recovery techniques at 100 
Gbps are feasible. They include [61, 62] and the techniques discussed previously in 
the clock recovery (Section 5.4.7). Regeneration techniques of OTDM are discussed in 
[47-50]. Synchronization techniques can be based on the clock recovered from the 
clock recovery circuit, or they can be based on the self synchronization techniques 
discussed in [61, 64]. They are mainly based on the property of high gain and phase 
shift on the first packet bit in a SOA. These techniques have a drawback, when the 
OTDM packet has all zeros in after the clock pulse of the packet; this causes the SOA 
in the self synchronization device to output the synchronization pulse to the system. 
The guard time between header and the packet should also be restricted to be less 
than the recovery time of the SOA element. This is more likely when the zeros in the 
packets are more than the recovery time of the SOA element in self synchronization 
device. This can be overcome by using an other SOA in the device to switch off the 
SOA element after receiving the first pulse and switch it on after proper packet time 
intervals. Another way to overcome the same problem is to use SOA with larger 
recovery times that are suitable for generating packet synchronization pulses. If the 
self synchronization system is used in the OTDM switch then, it is possible to 
eliminate the clock recovery system from the device. 

Header processing functionalities include, recognizing the header part from the 
OTDM packet and reading out the address on the header. The address extraction is 
done with a UNI followed by the packet marker pulse in the OTDM packet. (Shown 



51 
 

in the Figure 37.) Optical address recognition and routing with out any electronic 
processing is proposed in [65, 66]. Optical header processing based on TOAD (or 
more robust device like SLALOM which is based on NOLM) can be used to form a 
header processing unit to route the packet to the appropriate port. Extracted clock 
pulses are orthogonally polarized relative to the OTDM packets are coupled into the 
TOAD. OTDM packets are fed into the input arm of the TOAD device. The clock 
pulses are adjusted to the address bit in the packet header (that can indirectly or 
directly corresponds to the port) so as to get the different signals at the output ports, 
when the address bit is a ‘0’ or ‘1’. SLALOM based on two pulse correlation 
technique (discussed earlier in the supporting technology Section 5.4.5) header 
processing methods similar to the method discussed above can be employed to get 
same kind of functionality.  Self routing techniques using 6 bit keyword address 
recognition is proposed in [67]. OTDM packets with address recognition and self 
routing, independent of the number of bits in the packet header is presented. With 
the use of special method called keyword coding that requires only one AND optical 
gate functionality to recognize the address. The basic idea is when the address 
header contents and its matching keyword are processed in the AND gate will 
output a sequence of zeros to output in the case they are equal, but will output a least 
signal‘1’ when they are different. A receiver at the switching fabric can look for the 
pulse to carry out the switching operations [67]. Switching fabrics can be constructed 
based on fast switching SOA elements. 

At the receiver side the high bit rate channels are synchronized and rate 
converted [68] to low bit rate channels. 

8.4 Conclusion 

An all optical OTDM packet switching architecture and its supporting 
technologies are studied. The first solution in the Section 8.2, is a broadcasting type 
packet switch. A 4×4 all-optical packet switch architecture is presented for end 
systems and core systems as well. The switch architecture can be employed as the 
core switching element in a WDM network. All optical header processing is studied 
and introduced in the architecture. OTDM networks still have the bottleneck at the 
switching fabric level, which is, 1ns switching time needed for the underlying 
switching element (SOA element). This can be compensated by high compression 
packets and longer optical packets.  

8.5 Future work 

Future works include comparison between optical packet switching at the 
switching nodes to burst switching schemes, Header rewriting methods for high bit 
rate OTDM packets. The amount of buffering required for both end systems and the 
core switching systems need to be studied.  
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9. Conclusion 
 

All optical switching is the future of high speed data and telecommunication 
systems. A step closer to provide all optical IP networks and optical interconnection 
mechanisms, all optical switching systems should be introduced to replace the 
existing electronic switching technologies. All-optical networks still lack the true 
transparency with electronic signal processing methods because of the 3R (re-
amplification, reshaping, retiming) mechanisms introduced at different stages of the 
network. This is mainly due to the introduction of retiming functionality needed in 
the network. The current electronic techniques for clock recovery (retiming) at end 
systems works only in fixed rate mode. So it is necessary to adopt new optical signal 
processing techniques and methods to achieve true ultra fast all-optical packet 
switched communication networks. 

All-optical switching architectures are studied, and two all-optical solutions are 
proposed in this technical report. The first one is based on wavelength division 
multiplexing (WDM) packet switching technologies (see Section 7). The switching 
architecture presented is capable of providing less packet delay by introducing new 
broadcast and select mechanism. Packet contention in the switch is reduced 
effectively by introducing parallel optical switching blocks and delay networks. The 
optical switching architecture is capable of providing Terabits per sec throughput by 
scaling to large port numbers or by introducing more wavelengths to the WDM 
channels. The second solution is based on optical time division multiplexing (OTDM) 
technologies (see Section 8.). A Broadcasting type packet switching architecture is 
presented on the first part of the Section 8.2. An all optical packet switch is presented 
on the Section 8.3. All-optical header processing is proposed for the core switching 
architecture to handle the ultra-fast OTDM packets. This solution can be used as a 
core switch for WDM network. OTDM networks have the potential to operate as the 
backbone for high speed data networks. Further detailed discussion about both 
WDM and OTDM architectures is given at the end of each section (Section 7.2 and 
Section 8.4 respectively). Three related all-optical packet switching architectures are 
studied and presented in the Section 6.1, Section 6.2 and Section 6.3 respectively. 
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