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Abstract

The ubiquitous use of photonic systems for transmission of unpresedentes

Optoelectronic switching of signal formats ranging from | ~ h quality analog
video signals to broadband binary digital signals up to 2.5 Gbps is demonstrated
with the design and construction of a 10x10 prototype. The optoelectronic switch
fabric is shown to be fully transparent to data rates and formats. The use of
spectrally efficient modulation formats for photonic interconnects is proposed and
results are presented to confirm potential increase in data throughput without
requiring an increase in bandwidth of the electronic components. Designs for
photodetector arrays to enable routing of data rates exceeding 10 GHz bandwidth
per channel are also described.

Applications for optoelectronic technology range from use in transparent
switching fabrics for multi-wavelength networks to high speed broadband
switches for network restoration. Use of optoelectronic switches for network

restoration is proposed and results from a sample network study are presented.



Broadband signal processing using optoelectronic matrices and fibre delay lines
is shown to achieve tunable filters with applications in equalization of multimode
fibre dispersion.

Optoelectronic switching is shown to be a cost competitive and tachnology
efficient way of achieving Gigabit data switching capabilities required for

telecommunication and computer communication networks.
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1. Introduction

1.1 Communications and Switching

Human endeavours, ranging from the simplest of interaction amongst
people to the most complex of intellectual pursuits, create an ever evolving need
person to another through speech or signals, routing of the information is implicit
in its transmission. But in the more complicated forms of communications, such as
one to many, or from one to another at a distant location, perhaps related via

intermediaries, controlled routing of information is necessary to ensure its

information in a controlled manner in order to realize the desired transfer of
information from the source to its eventual destination.

In our brave new world, information gatherers and hunters, and their
myriad communicating machines continuously fuel the need for transmission links

with higher capacity in modern telecommunication networks. As soon as a new

conducting paths, the earth has been spanned by metallic conductors carrying
signals in the form of electric current. And now, glass fibre cables are fast
becoming ubiquitous for transport of many different kinds of information signals.
The resulting telecommunication network is the largest infrastructure of any kind

in the world and provides a medium to interconnect billions of people worldwide.



And as the flow of information increases in volume, so does the need for
controlling and directing the flow such that there are no bottlenecks encountered
between the origin and the end.

In electromagnetic methods of conveying information as flow of electrons,
switching techniques, ranging from simple mechanical devices which break the
path of current to complex crystal semiconductor structures, may be effectively
used. The controlling signals which determine the routing paths are electronic as
along one conducting path or another (Figure 1.1). But in photonic networks,

which employ lightwave particles to carry great volumes of information, routing of

ideal carriers of information, i.e; low mass and little interaction with the

transmission medium, also make them harder to route as desired.

Foutput 1

1y10]1] G—— > <
sl e Eﬁ———;giii

switch
control

output 2

Figure 1. 1 A signal switch: the input signal can be routed to either output path
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1.2 Optoelectronic Switching
All photonic networks currently utilize optical-to-electronic conversions
since the information originates and terminates in electronic interfaces and

equipment. Also, since all of the control equipment is electronic, signals which

optical control using optical computation is possible though neither practical nor
prevalent in any systems in use today).

Optical-to-electronic conversion of signals (Figure 1.2(a)) is thus necessary

at utilizing this conversion to achieve the switching function as well (Figure 1.2(c)).

In Figure 1.2(c), it can be seen that any one of the inputs can be connected
element where the signal switches paths is called a “crosspoint”. The crosspoint
corresponding to the signal to be switched is turned ‘ON’ to detect the light while
all others are left ‘OFF’ so that they are insensitive to the signal.

This topology in which each input optical signal is split and distributed to all
output ports and then routed by controlling the signal conversion is the basis of
optoelectronic switching [1, 2].

As shown in Figure 1.3, at each input port, the signal is required to be split
or ‘broadcast’ to all the output ports. At the output port, the signal to be switched
to that port is ‘selected’ out of all the (input) signals present at the crosspoints in
that port by turning ‘ON’ the appropriate crosspoint (conversion) element. Thus

this technique may also be termed ‘broadcast and ‘select'. It is pertinent to note
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(a) Optical-to-electronic signal conversion
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(c) Optical-to-electronic conversion used to achieve signal switching (corresponding to Fig. 1)

Figure 1.2 Optical-to-electronic signal conversion and its use in signal switching

here that in optoelectronic switching, ‘broadcast’ is implemented with optical

signals (high noise immunity) guided in separate channels (low interference,



crosstalk), while the ‘selection’ is done by choosing the right crosspoint
(optoelectronic conversion). Thus, at the output port, since only one signal has
been converted to electrical domain, crosstalk or interference of electrical signals
is suppressed by eliminating the interfering signals altogether.

At the output port, since only one signal needs to be selected out of the ‘N’
signals present at that port by switching ON one of the ‘N’ photodetectors, the
array may be designed to permit one output. Thus an array of crosspoints with a
single output can be utilized to perform the selection of the desired signal (Figure

1.4). In signal processing applications however (see section 1.3 and 2.4),

photocurrent from a number of optical signals incident on the photodetector array



output
(electrical)

optical
inputs

Figure 1.4 Array of conversion elements (crosspoints) for optoelectronic switching
may be combined (addition) with the use of such an array. Though almost any
kind of photodetector may be used to perform the conversion from optical-to-
electrical domain, Metal-Semiconductor-Metal (MSM) photodetectors are found to
be especially suitable for the task. Chapter 4 provides a detailed look at the new
and unique designs of MSM photodetector arrays prepared for optoelectronic
switching applications.

As other components used in optoelectronic switch construction such as
laser transmitters or electronic amplifiers are commercially available,
development of broadband arrays of detectors capable of providing >10 GHz
bandwidth, reported in Chapter 4, eliminates the only technological bottleneck for
realizing switches capable of handling the highest data rates in use today - of the

order of 10 Gbps and more.



1.3 Signal Processing with Optoelectronic Elements

The elements used in an optoelectronic switch: optical fibres,
photodetectors for controlled detection of optical signals, and arrays of such
devices for addition of photocurrents corresponding to the incident signals, may
also be utilized to implement structures suitable for processing of broadband

signals [2]. Optoelectronic elements, as shown in Figure 1.5, provide useful

DELAY O & — 7

fibre

W 1
MULTIPLY K- =

photodetector
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photodetector
array

Y

Figure 1.5 Optoelectronic equivalents of signal processing elements

means of processing the input signals via fibres used as delay lines, and



photodetectors used for weighting the input signals. The single output array
structure serves to combine the various photocurrent contribution, thus realizing
all the elements required in a discrete time signal processor. Optoelectronic
processors have the potential for broadband operation, and Chapter 6 describes
experiments which demonstrate implementations of reconfigurable filter

structures with 1 GHz bandwidth.

1.4 A Brief History of Optoelectronic Switching

The use of controlled optical-to-electronic signal conversions to achieve
broadband switching was first demonstrated in 1978 in Canada [1] and has since
been developed by other research groups around the world as well [3, 5, 6,7, 8].
However, it is interesting to note that at the time of its inception, there were
virtually no applications for this broadband switching mechanism since there were
no information signals with more than a few hundred mega-Hertz bandwidth in
use in any communication network. As a result the first few applications were in
the area of analog video signals (6 MHz per channel bandwidth). Today, almost
two decades later, information signal bandwidths are approaching the potential
switching capacities demonstrated in the initial work. Chapter 2 introduces some
applications of the broadband switching technology in communication networks
as well as signal processing and Chapter 7 presents advanced network

applications enabled by the technology.

1.4.1 Optoelectronic switching at University of Alberta

Optoelectronic switching has been a major research area at TRLabs since



1987. Some preliminary work focused on investigating design and construction of
matrices using photoconductor device crosspoints [3] in addition to exploring
novel applications of the optoelectronic techniques [9] and optical fibre delay lines
[10]. Research on novel means of distribution of optical signals (‘broadcast’
function) has also been initiated [11, 12, 13, 14].

In 1993, a project to fabricate a prototype 10x10 switch was undertaken [4].
This work laid strong foundations for the design and construction of such a
prototype while demonstrating laboratory experiments with two channels of the
switch. In October 1993, the author joined ongoing efforts to redesign and
fabricate the optoelectronic modules, carry out the optics assembly, and to
repackage the switch prototype. All redesign and construction work was finished
in May 1995 and extensive tests have since been carried out with the prototype in
the laboratory. In October, the completed prototype switch was exhibited at
Telecom ‘95 - world's largest exposition of telecommunication equipment, in
Geneva, Switzerland. This prototype has served as a testbed for exploring
applications such as signal processing (Chapter 6) reported in this thesis in
addition to the switching experiments. Following the successful demonstration of
the optoelectronic switching technology through the prototype, several new
research projects were initiated which aim to further extend the switching capacity
achievable with this technique using low cost and compact packaging and
integration techniques [15]. Since the current prototype is constructed with
discrete optics and electronic components, it also serves as a useful benchmark

for performance parameters such as signal crosstalk/interference (in optical or



electronic domain) which may be compromised in some integrated approaches.

1.5 Organization of the Thesis

Techniques to accomplish broadband switching which are related to or
compete with optoelectronic methods are described in Chapter 2. This chapter
also describes the applications of optoelectronic switching in telecommunication
networks in addition to processing of broadband signals. Design and fabrication
details of the optoelectronic modules and the transmitter components is described
in Chapter 3. Chapter 4 presents the new designs for achieving >10 GHz
bandwidths in arrays of MSM devices suitable for switching as well as signal
processing applications. Results obtained with the prototype switch are described
in Chapter 5. Signal processing results and applications realized with the use of
the prototype in the processor configuration are presented in Chapter 6.
Advanced network applications of broadband switches are investigated in
Chapter 7. Chapter 8 concludes the thesis with a summary of the research project

and recommendations for future work.
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2. Applications of Optoelectronic Switching

The impetus for an engineering research project must come from the

applications that are enabled and facilitated through that research.

routing elements at every node in the network, which is the fundamental
application of a switching mechanism. The first part of this chapter (section 2.1,
2.2) considers this application, and the areas are pointed out where the unique
properties of optoelectronic switching make it beneficial over other techniques. A
brief overview of other competing technologies for broadband switching of optical

signals is provided in section 2.3.

2.1 Switching in Communication Networks
Communication networks can be divide.. to groups based on the distance
covered by transmission links used in the network.

Continent-wide telecommunication networks, Wide
Area Networks (WAN)

Local area networks (LAN), Metropolitan Area
Networks (MAN)

Short distance interconnects

2.1.1 Continent wide networks

2.1.1a Network switching:

Continent wide networks typically consist of long distance links between
cities and carry all types of information such as digitized voice signals, data, and
analog or digital images. The synchronous optical network standard - SONET is

L
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Figure 2.1 A wide area network (WAN)
node may represent a city and the whole network may span a continent. For the
traffic traversing the network from node A to C or D through node B, switching
equipment to route traffic as shown in Figure 2.2 would be required at the node B
or any other similar transit node in the network.
Standard data transmission rates in SONET (fibre channels) are given

below:



Table 2.1 SONET data rates

Optical Carrier

(OC) Signal Level | DataRate

155.52 Mbps |
oc-12 622.08 Mbps _
oG- T‘EASS Gbps

9.95 Gbps.

oc-3 |

S S I
T_Ilocal

traffic
Figure 2.2 A typical network node with transit and focal traffic

It is clear that broadband switches capable of handling up to 10 Gbps per
channel are required in SONET network nodes to route transit traffic. The routing
of traffic at the trunk rates is called “cross-connect”.

Asynchronous Transfer Mode (ATM) techniques for switching and
multiplexing of data have been chosen by CCITT to permit broadband access to
networks which would also eventually require broadband switching nodes.
Initially, the packet format data for ATM networks will be transported on SONET
physical layers using the data rates given above. With the projected continuous
rise in ATM broadbvand subscribers, switches capable of handling very large
aggregate data throughputs (>100 Gbps) will be required [16, 17]. One switch

13



architecture suggested to implement such “Terabit” capacity nodes [16, 18]
typically requires a broadband switch core to accomplish fast cross-connection of

packet data streams at 2.5 to 10 Gbps (Figure 2.3). This application is considered

low rate switches low rate switches
and buffers and buffers

R ) Broadband

- Switch
— \Core /

Figure 2.3 Broadband switch core for high throughput ATM switching applications

_—

to be the most immediate one as evident in the repurted research effort by major
international telecommunication companies such as NTT and Nortel. The switch
prototype described in this thesis is a suitable candidate for such applications.
Nortel Inc., Canada, has recently reported the construction of a partial prototype
similar to the optoelectronic switch concept [8, 16] but lacking some key

advantages.

switches for historical reasons. Such switches can be used to connect any input to
any output in a non-blocking fashion. A general schematic of a crossbar switch is

shown in Figure 2.4. Such a switch is called a “crosspoint” matrix.

14
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? = crosspoint switch S

Figure 2.4 A crossbar switch matrix
The function of a network of crosspoint switch matrix can be described as a

vector-matrix multiplication operation:

C’j = Z Wijli (Eqn2.1)
i
Closing switch (or crosspoint) Sjj connects input /; to output O; with the

properties of a crossbar switch are that (i) only a single connection needs to be
made to connect or disconnect an output from the input and (ii) the switch is non-
blocking which implies that new connections between unused nodes can be made

without changing or affecting the existing connections. Also, broadcast of any

15



input signal to all outputs is possible by setting all the appropriate Sj; switches to
‘ON’ in the row corresponding to the input signal to be broadcast. The application
of such a switch to signal processing (section 2.4) follows as a direct result of the
capability to execute the vector-matrix product (Equation 2.1) at a rate determined
by the bandwidth of the signal path in the switch.

Results demonstrating the suitability of the optoelectronic prototype switch

transported on the network with little or no loss of data is possible with the use of
broadband cross-connect matrices capable of rerouting the affected data on to
other links with spare capacity [19]. Figure 2.5 shows a schematic view of such a

scenario where the link between nodes B and D is not operational and broadband
D) through other links (B to C), avoiding the failed link. This application is
investigated in detail in Chapter 7. Powerful algorithms and protocols for
implementing the restoration strategies have been suggested [20, 21] and the use
providing a physical medium in implementing advanced network restoration

’ methods.
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Figure 2.5 Network restoration switching

2.1.2 Local area networks

Networks for signal distribution and interconnection of equipment over

areas within a typical city may be divided into two categories based on the type of

Digital Data Networks, and
Cniile TV Networks

‘Digital data networks” refers to the medium and methods for

provide switched broadcast (downstream) services, and in some cases, such as
Hybrid Fibre-Coaxial (HFC) networks, upstream communication paths for digital

data,
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2.1.2a Digital data networks
The rapid growth in the area of computers and computer networking is

quickly outpacing existing technologies for transporting data over short distances
between computers in a local area network such as an Ethernet. Technologies
such as fast Ethernet and FDDI provide a maximum of 100 Mbps data rates for
local area networks [22]. New and evolving techniques and standards to permit
data transport at 1 Gbps and beyond are being developed. The most promising of
these are listed below along with the channel bandwidth available with each
technique:

GigaRing Channel [23] 6.4 Gbps

HIPPI [24] 800 Mbps

HIPPI-6400 [25, 26] 6.4 Gbps

Fibre Channel [28] 1 Gbps

SCI (Scalable Coherent Interface) [29] 8 Gbps

Myrinet [30] 1.28 Gbps

GigaNet [31] 622 Mbps (OC-12c¢)

ATM [32] 622 Mbps (OC-12c)

The most ambitious of these proposals is the HIPPI-6400 standard under
preparation [26] which is the successor to the ANSI standard (X3T9.3) HIPPI
(High Performance Parallel Interface) interface which provides 800 Mbps
switched, non-blocking, point-to-point networking. HIPPI-6400, the next
generation, extends the data rate to 6.4 Gbps [25]. To provide the required

switched connections, switch fabrics capable of handling these data rates are

18



needed. Electronic solutions for switching are available up to a maximum data

of routing optical signals would be required for these fast data networks.

Other standards such as “Fibre Channel” or SCI (Scalable Coherent
Interface) also plan for ultimately extending the data rates up to 4 Gbps though
current proposals are much more modest (200-400 Mbps over copper).

High speed, high throughput data networks like the ones mentioned here

will require cost efficient broadband switching technologies which are flexible

media (copper and multi mode or single mode fibre). Optoelectrenic switching
technology which can provide all the required capabilities, including either
electrical or optical inputs, is especially suitable for such data network
applications. Even though the data/packet formats and rates are likely to be
different, optoelectronic swivtc:hing provides a completely format-independent
routing mechanism usable in all these networks. Chapter 5 presents results for
different rate digital signals and analog signals transmitted simultaneously
through the prototype switch which confirm the format transparency. This ability to
handle different data rates and formats also imparts an invaluable capability to
route legacy signals in the transition phase of the network while offering a
convenient path for future upgrades without a change in the switching hardware.
Applications such as gateway switches to other networks which may have

different formats and data rates, can also be envisioned for the bit rate and format
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transparent optoelectronic switches.
2.1.2b Cable TV networks

CATV networks such as Hybrid Fibre-Coaxial (HFC) networks which carry
mixed analog and digital CATV signals over trunk and distribution areas typically
serviced by a cable TV provider (now also providing data services through cable

modems) are another prime area of application for format transparent switching.

Optoelectronic
Switching
— Node
. T T - o
Headend fibre @—’ ol bl
— '
~ [=———Coax distribution

network to consumers

Figure 2.6 Hybrid Fibre-Coaxial cable network

HFC networks (Figure 2.6) are expected to carry both conventional analog TV
signals, (NTSC or other standard video signals) as well as digitally encoded, high
quality video signals (High Definition TV - HDTV signals), in addition to low rate
digital data (tens of Mbps). Switches for these networks would require a
‘broadcast’ capability as well as format transparency (digital/analog signals).
Optoelectronic switching fulfils these key requirements while providing arﬁple

bandwidth for switching of multiple video channels (the prototype’s 1.25 GHz

20



(NTSC, 6 MHz channel bandwidth).
2.1.3 Short distance interconnects

Fast communication links are required between equipment which may
need io be interconnected at distances as large as 1-2 km for rack-to-rack

interconnects or as small as a few cm for board-to-board interconnects. The

functions would overlap since the distances covered are similar. However, the
distinguishing feature of interconnects is that they serve as fixed or dedicated
links between two pieces of equipment which may form part of a larger system.
The technologies required for implementing photonic interconnects are
similar in topology and requirements [34] to the optoelectronic prototype switch,
which indeed performs all the functions required of an optical interconnect. In fact,
the 10x10 optoelectronic matrix switch is also a fully reconfigurable optical
interconnect since the optical distribution implemented in the switch with fibres
may be stretched to 1-2 km distances to form a distributed switch. In most cases,
the distances to be covered for rack-to-rack interconnects are < 100 meters.

Again, the bit rate and format transparency properties, coupled with the low cost

optoelectronic matrices an attractive candidate for high bit rate reconfigurable
optical interconnects [35].

Optical broadband signals can be switched with a number of other
technologies, some of which are commercially available while most are under

21



transmitter ! fibre interconnect ! receiver
equipment (1m-1km) 1 equipment
rack | rack

_{>_ |

Figure 2.7 Optoelectronic matrix switch as a reconfigurable distributed optical interconnect

development. The next section provides a brief overview of these technologies

and their salient features in comparison to optoelectronic approaches.

2.2 Other Switching Techniques for Optical Signals

2.2.1 Optical switching

Photonic switching technologies constitute a rapidly expanding research
and product development area following on the heels of progress in fibre optic
transmission systems. A variety of techniques have been developed to switch
optical signals including the ones noted below, though none has found
widespread acceptance and/or commercial use. Photonic switching techniques

which aim at controlling flow of photons (usually referred to as all-optical
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switching, see [36] for complete nomenclature) are constrained by fundamental
physics in achieving practical dimensions or performance objectives [37, 38, 39].
The weak interaction between photons in a transparent transmission medium -
which makes photons ideally suited for low loss, long distance information
transmission, makes it equally difficult to achieve efficient ways of routing photons
in controlled paths. Currently reported research and commercially available
optical switching devices generally fall into one of the following categories:

Guided Wave Integrated Devices [40]

Semiconductor Optical Amplifier (SOA) Switches [41, 42]
Optomechanical Switches [43]

Thermo-Optic Polymer Switches [44]

Semiconductor Directional Switches [45]

Electro-Optic Polymer Switches [46]

Optical Beam Steering based Switches [47]

A comprehensive description of these approaches can be found in [48].
Although all of these technologies provide an optical through path, they suffer
from other limitations (see Table 2.2 below). The primary reason for using all
optical switches is complete signal transparency and the potential bandwidth,
though their use for many applications in telecommunication networks is generally

neither practical nor cost efficient [39, 49].
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Table 2.2 Comparison of switching technologies (after [50])

Switch Type Cost Loss Gani%ést Spee?::l
Opto-mechanical LDW ; LD\;\I (-}:1 déf - nghi(:;BE!dE)i Slg;v;(ms) 7
Lithium Niobate Medium | Medium (<5B) | Medium(-20d8) | Fast (ns)
SOA Switches High Low(<1dB) | High (>40dB) | Fast (ns)
Semiconductor Based Miegiuﬁ'i High (;éde) 7 Mé&um (’ﬁSdE) East (ﬁs)
Themmo-optic Polymer | Low | Low (<1 dB) Medium (~20dB) | Slow (ms)
Electro-optic Polymer L;w — Medii&%ﬁ (SiEdE) MEdTUﬁ%}-‘I 5dB) 7 %ast {ns)
Free-space Switches Medlum - LD\,;I' (e:E dBi i Lc}w (a‘i DEE) ] élé;f (ps)
*Optoelectronic Switch | Low | Low (<1dB) High (>60dB) | Fast (ns)

Within the limitations of a photonic network bounded by electronic
interfaces which necessitate the use of optical-to-electronic conversions,
optoelectronic technology introduces no new constraint [48], and provides
complete signal transparency as proven by the results obtained (see Chapter 5)

with the implementation of this technology with the prototype 10x10 switch.

2.2.2 Other optoelectronic switching approaches

been reported in literature, and follow a similar philosophy or derive from the
technology utilized in this work, Notable among these are the approaches
published by Nortel Inc. to fabricate a terabit switch prototype [8], and Hughes
Research Labs in developing high isolation switch matrices for radar signals [5].
The next generation switching system under development at AT&T (now Lucent
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devices [51, 52]. All three of these methods utilize optical-to-electronic

conversions in a controlled manner to implement switching of input optical signals.

2.3 Signal Processing Applications

the hardware required for implementing a matrix processor and a broadband
optoelectronic switch is substantially similar, the prototype is designed to
accommodate both functions. In fact, the prototype switch may be considered a
subset of the more general marix processor as all the capabilities required for

routing of broadband signals are available in a optoelectrenic matrix processor.

2.3.1 Optoelectronic matrix processor

Optoelectronic elements to implement signal processing functions of delay,
multiplication, and summation were introduced in Chapter 1 (section 1.3). By
combining these elements as shown in Figure 2.8, the impulse response of a
discrete time signal processor given below can be realized:

[==]

Z ad(t-nT Eqn.2.2

1 ==oa

h(t

In the optoelectronic matrix, the input signal is launched on a fibre and an
n-way splitter is used to distribute it to photodetectors which serve as

multiplication elements (ay). [10] has demonstrated a transversal filter based on
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such a structure, and [4] describes partial implementation of a optoelectronic
matrix processor.

This work extends the signal processing applications work and results are
presented in Chapter 6 from the experiments conducted with the optoelectronic

matrix processor to implement a variety of reconfigurable filter structures.

2.3.2 Artificial neural networks

The use of optical and optoelectronic information processing based on
neural network models is becoming increasingly popular [54, 55, 56, 57, 58, 59,
60], due to the potential for massive parallelism. Most artificial neural network

architectures seem to mimic the working of the human brain by using highly
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interconnected processing elements to accomplish complex computations and
processing tasks. One of the architectures in particular - Hopfield Neural
Networks, which utilize interconnected simple analog processors to solve a
variety of optimization problems [61, 62], is of interest for possible implementation
using optoelectronic elements.

The architecture and elements of the optoelectronic matrix are uniquely
suited to implementing the Hopfield neural networks at a processing rate which is
much faster than the speeds currently achievable by conventional electronic
means. Although simulations to gain an insight into the behaviour of Hopfield
neural networks were carried out, this work is not reported here as hardware
implementation of the network for a demonstration was not possible in the time

allocated for this project.
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3. Design and Construction of Prototype Switch

The prototype switch constructed to implement the optoelectronic
switching technology is described in this chapter. Design details and
characterization tests carried out on different modules in the prototype are
presented in section 3.2 and 3.3. Requirements for extending the work to 10 GHz
bandwidths per channel are discussed, and the key technology issue to be solved

for achieving this target is introduced in section 3.4.

3.1 Prototype System Overview
The prototype crossbar switch was designed to have ten broadband inputs
and ten corresponding outputs as shown in Figure 3.1, For ease of
control

! Prototype Switth - 1
. — 2

. output

input ¢ - 7
(electrical, 0 dBm)

(electrical 0 dBm)

Analog channel bandwidth = 1.25 GHz
Figure 3.1 Prototype broadband optoelectronic switch system
characterization and testing of the switch, the inputs and outputs are electrical
signals and the nominal power level at the input is chosen to be 0 dBm (50 Q input

28



impedance) which is sufficient to drive the lasers in the input port section. The
output signal power level is adjusted to 0 dBm, providing an insertion loss of 0 dB,
and allowing a subsequent switching stage of a similar design to be used. Details
of other components in each channel path in the switch are provided in the next
section. The control information for the switch is supplied through a portable
computer using a custom program described in [63].

Previous implementations of optoelectronic switching techniques [3, 4]
have focused on solving some of the difficulties associated with developing
reliable devices for use as crosspoints [3] or towards implementation of the switch
as a reflex signal processor [4]. The design and construction of the current
prototype was initiated with the project reported in [4]. The project reported in [4]
was the point of departure for the design and construction of the current
prototype. The project succeeded in demonstrating two channels as a laboratory
experiment. Extensive redesign of the following subsystems was required to
fabricate the prototype switch:

Optoelectronic Module
Wideband amplifiers for use with optoelectronic modules
Laser Transmitters

Figure 3.2 shows a schematic diagram showing the above mentioned
modules in each channel. The 10x10 prototype switch contains ten such channels
(Figure 3.1). The input signal shown at the left in Figure 3.2 modulates the laser
diode to produce an optical signal. This signal is split into ten signals through the

1x10 optical splitter and then the fibers are rearranged such that each output port
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Figure 3.2 Broadband signal channel in the prototype switch
receives one optical signal each from every input port. The optoelectronic module
is used to ‘select’ one out of the ten signals incident on the photodetector array by
biasing ON the appropriate photodetector in the array, while leaving all others in
the OFF state.
Power supply modules and other minor components used in the

construction are not shown in this schematic.

3.2 Optoelectronic Modules
The optoelectronic receiver module is designed to accept ten optical signal

inputs (on optical fibres) which are incident on a photodetector array. The control
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inputs for the ten photodetectors in the array are generated with D/A converters in
the module. A single broadband (RF) signal output is coupled out of the detector

array through an amplifier chain (66 dB) to the output port.

- -3
25“;1
> —#
optical
input i .
. output
signals . . — {5
amplifier
ﬁ(t;roe)s o o (electrical)
-
1x10 MSM Array

Figure 3.3 Optoelectronic module schematic

The photodetector array is coupled to the ten optical inputs (standard multi-
mode fibre). Since the fibres in a standard ribbon arrangement are spaced at 250
um pitch, these arrays were designed to have the same photodetector centre-to-
centre spacing. Cleaved fibre ends were placed in a Silicon micro-machined “v-
groove” chip such that the fibres are at the same spacing as the photodetectors.
Figure 3.4 shows the end view of the v-groove chip with fibres placed in the
etched grooves. The Si v-groove holder is actively aligned to the photodetector
array by monitoring the photocurrents from the MSM photodetectors at each end

while the assembly is positioned for maximum photocurrent. The active alignment
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fibre no.

Figure 3.4 Silicon v-grove assembly for fibre placement in the optoelectronic module

was accomplished by illuminating the two end fibres in the v-groove holder and
monitoring the photocurrent from each of the photodetectors while moving the v-
groove assembly to get maximum current output. Individual contributions from the
two photodetectors were monitored alternately by biasing them in turn.

DC bias voltage to each detector is supplied through a circuit which is
designed to permit fast switching of the bias (see section 4.2 for more details).
The bias circuit exhibits a 3 dB bandwidth of 210 MHz and thus can permit
switching of the bias with approximately 5 ns response time, which is well
matched to the switching time of the photodetectors [2]. In the current prototype,
the switching speed for the bias is limited by the speed of the controller software
[63].

With the constraints imposed by the optical assembly and the bias circuit,

an optoelectronic module designed to sit upright on the circuit cards was

The MSM photodetector array chip is required to be placed on a suitable
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Figure 3.5 Schematic view of optoelectronic module on circuit card (the
fibre bundle terminates in the v-groove fibre holder shown in
Fig. 3.4)

substrate to intertace with the dc bias circuits as well as to allow means ot
coupling the RF signal output to the amplifier chain. This substrate is required to
have good microwave properties to permit fabrication of microstrip transmission
line output. The substrate material is chosen to be TMM-3™ [64] which has a
dielectric constant of 3.25 and also provides ceramic-like mechanical properties
which are desirable since the photodetector chip is wire bonded on this substrate
and good mechanical properties are necessary to achieve reliable wire bonds.
The design for this substrate which provides ten decoupled dc bias lines and a
micro-stripline for the output signal is shown in Figure 3.6 below.

A schematic of the substrate with the surface mount components in place
is shown in Figure 3.7 below. In addition to the microcapacitors (82 pF) used for
decoupling the AC signal from the DC bias line, two more stages of capacitors (1
nF and 10 nF) were added to provide immunity against noise from the DC bias
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Figure 3.7 Substrate with surface mount components

lines. These capacitors are placed on the back ot the Substrate (ground plane

side) as shown in Figure 3.7.

The mechanical assembly designed to hold the substrate shown above

and to support the v-groove Si chip fibre holder is shown in Figure 3.8. The
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Side View Front View

Figure 3.8 Housing for the optoelectronic module: front, side and top views
(substrate of Fig. 3.6 is shown mounted in the assembly)

detailed drawings for the fabrication of this component are attached in Appendix
A.

A schematic arrangement for the optoelectronic module along with the
follow on ampilifiers is shown in Figure 3.9, and a photograph of the module with
the substrate is shown in Figure 3.10. Eleven such modules were built for the
prototype switch, and more than five modules were built for testing

The amplifiers for providing a total of 56 dB signal gain over a bandwidth of
300 kHz-2.25 GHz were designed at TRLabs and constructed by the author using

a packaged microwave monolithic integrated circuit (MMIC) based design. Details

output port card with the optoelectronic module, fibre bundle input, and the
amplifiers in place is shown in Figure 3.11.
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Figure 3.9 Schematic view of optoelectronic module with amplifiers.
RF-AMP 1 is the first stage amplifier, and RF-AMP 2 is the

Figure 3.10 Photograph of the optoelectronic module with substrate
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Figure 3.11 Photograph of an output port card with fibre input and electrical output

3.3 Laser Transmitter Response

The initial design for the laser transmitter bias tee (which combines the RF
drive signal and the dc bias for the laser diode) exhibited a frequency response
limited to < 500 MHz due to the high inductance and other parasitic reactances in
the laser package (Figure 3.15(a)).

The microwave portion of the circuit was modelled using the Hewlett
Packard Microwave Design Software and Figure 3.12 shows the circuit used in
the simulation. Simulated and measured S11 parameters for the circuit are shown
in Figure 3.13(a) and 3.13(b) respectively. From the simulations, it was
determined that a section of the layout in the bias-tee was causing extra
inductance in the ground path (Appendix B). Since the substrate layouts could not

be changed, different equalizing circuits were tried to extend the frequency
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Figure 3.12 Simulation circuit for laser bias-tee

response, and the combination of 2.2 pF and 8 nH (Figure 3.14) was found to be

the most suitable one.

The frequency response before equalization of the laser drive circuit

exhibits a sharp roll off beginning around 100 MHz and the 3 dB bandwidth of the

laser transmitter is less than 500 MHz as shown in Figure 3.15(a). With the use of

the equalizing circuit, the 3 dB bandwidth is extended to 1.25 GHz as shown in
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Figure 3.13 (a) Simulated S11 for laser drive circuit

Figure 3.15(b), even though manufacturer’s data sheets for the laser diodes [65]
suggest a maximum usable bandwidth of 500 MHz (the second trace in the figure
is the response with the photodetector switched OFF). Note that the response
shown in Figure 3.15(b) is obtained with the same photodetectors and amplifiers
that are used in the switch, thus it represents the bandwidth of each channel in the
prototype switch as well. The power level of the swept frequency modulation

the fibre end before coupling to the photodetector.
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Figure 3.13 (b) Measured S11 for the laser drive circuit
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Figure 3.14 Equalizing circuit for laser drive
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Figure 3.15 (a) Frequency response of the unequalized laser drive circuit

3.4 The Prototype Switch

The different sections of the optoelectronic switch - transmitters,
optoelectronic modules with supporting circuitry, and power supplies were
installed in industry standard racks. A photograph of the finished prototype is
shown in Figure 3.16 Figure 3.16 (b) shows the prototype switch on display in the

Canada Pavillion at Telecom ‘95, Geneva, Switzerland.

3.5 Requirements for 10 GHz Channel Bandwidth

3.5.1 Bandwidth limitations in optoelectronic components

As explained in section 2.1, telecommunication networks and other
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Figure 3.15 (b) Frequency response of the equalized laser drive circuit
applications of optoelectronic switching require bandwidths of the order of 10
Gbps. To realize these data capacities and to permit future applications with even
greater data rates, future optoelectronic switches require bandwidths in excess of
10 GHz. The components which affect the frequency response of each channel
(Figure 3.2) in an optoelectronic switch are:

Laser transmitter bandwidth (for electrical inputs)
Photodetector array bandwidth
Amplifier bandwidth

To extend the frequency response to 10 GHz per channel, all three of these
sub-systems would need sufficient bandwidth such that the cascade of all the

components exhibits a bandwidth of 10 GHz. Laser transmitters with bandwidths
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(a) The prototype optoelectronic matrix switch

(b) The pr
Figure 3.16 Prototype optoelectronic switch

ototype on display at Telecom ‘95, Geneva.
in excess of 10 GHz are commercially available [66]. Broadband microwave
amplifiers with dc-to-10 GHz bandwidths are also commercially available in
packaged [67] or chip form [68]. However, photodetector arrays which can provide

bandwidths greater than 10 GHz per photodetector are neither commercially
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available nor reported in research literature.

If a uniform bandwidth of 10 GHz from each detector in the array can be
achieved, it can be shown that the power budget/sensitivity requirements for a 10
Gbps channel data rate can be satisfied with available commercial components

(lasers, ampilifiers).

3.5.2 Power budget for 10 Gbps system
To calculated the power budget and required sensitivity of a 10 Gbps

system, the following equivalent circuit for the optoelectronic (receiver) module is

used:
Cd Ry C Ry |C,
Idet A D’rs famp
~<——————— Detector — > - Amplifigr ———————t

Figure 3.17 Equivalent circuit for the optoelectronic module

where:
Iqet = ideal current source representing the photodetector

Cq4 = photodetector capacitance

R, = load resistor

iy = thermal noise equivalent current source (due to R;)
irs= shot noise equivalent current source

Ra = amplifier input resistance
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Ca

lamp = amplifier noise contribution

amplifier input capacitance
The total shot noise contribution is given as:

lrg = 2&5(1p+ Id) Eqn 3.1

where ‘e’ is the electron charge, and ‘B’ is the bandwidth of the system. lp
is the photogenerated current in the photodetector and |4 is the dark current
(current generated in an unilluminated, biased photodetector).

Since the dark current (lg) in MSM photodetectors is usually quite small
and has been measured to be below 1 nA for the photodetectors used in this
project, its contribution to the shot noise is negligible.

The thermal noise due to load resistance R, is given by:

It = R, Eqn. 3.2

where ‘K’ is Boltzmann’s constant (1.381x1023 J/K), and ‘T' is the
temperature in degrees Kelvin.

Since the prototype switch uses low impedance amplifiers (50 Q gain
blocks), which present a R =50 Q to the detectors, the thermal noise contribution
is expected to dominate the total noise.

The total noise associated with the amplifier (fi’a,,,P) can be accounted for

using the noise figure (Fy) for the amplifier and referring the noise current to the
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load resistor R(. This allows the amplifier noise to be combined with the thermal

noise from the load resistor (#) to give

~hal
+

4kTBF,
R,

m‘ |
I

Eqn. 3.3

If the photogenerated current due to incident optical power Popt is Ip, th

signal to noise ratio (SNR) can be written as

1]
.U \‘ ]

r
SNR - —

”FT 3 Fn Eqn. 3.4
2eB(l,+ 1y + —5—-

I is related to the incident optical power, Popts by the Responsivity (%) of
the photodetector as:

Ip = R:- Py Eqn. 3.5
Measured responsivities for MSM photodetectors range from 0.21 (850

variables in the above equations, the required P,y for a 10 Gbps system can be
calculated.

SNR (for 10 Bit Error Ratio [69]) = 22 dB

R, =500Q
B =10 GHz
T=293K
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figure)
R.= 0.3 A/W (assuming that the system operates at 1330 or 1550
nm)

Using equations 3.1 through 3.5, it can be seen that Popt > 250 pWs will

provide a SNR > 22 dB for a system with the equivalent circuit shown in Figure
3.17. (Note that Py is the optical power coupled to the MSM photodetector, and
coupling losses are extra).

Since, in a ‘broadcast’ and ‘select’ optoelectronic switch such as the
prototype considered in this work, each input signal is split N ways (in an NxN

switch), the optical power at the input Py, is given by;

P, = N- Pcizpt+ Lex::@ss Eqn. 3.6

where Lgycess is the excess loss (in addition to the splitting loss) in the
splitting mechanism.

Thus for an excess loss of ~3-5 dB, and allowing coupling losses of 3 dB
per photodetector, a 10x10 switch matrix dimension, input optical power
(launched on fibre) > 10 mW would provide a Bit Error Ratio (BER) of less than
10°. Laser diodes coupled to single mode fibres which are capable of direct
modulation bandwidths of 10 GHz are commercially available [66]. Therefore if
photodetectors with the requisite bandwidth (10 GHz) can be produced in arrays
of at least 1x10, all other components required for a 10 channel, 10 Gbps per
channel optoelectronic switch can be commercially obtained.

Chapter 4 describes results obtained from experimental analysis of existing
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(conventional) array designs, and points out the limitations of these designs.
Results with a new set of array designs are also presented which extend the

bandwidth well past 10 GHz for each photodetector in arrays of 1x8 and 1x16.
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4. Broadband Photodetector Arrays

Broadband photodetectors arranged in linear arrays are key elements in
implementing a variety of optoelectronic switching and signal processing
technologies. This chapter presents results obtained with conventional array
designs (the term ‘conventional array designs’ in this thesis refers to the designs
fabricated as part of related research projects at University of Alberta and its
affiliated research organizations, there are no commercial suppliers of broadband
photodetector arrays). The frequency response of photodetectors in conventional
arrays is in fact position dependent as described in section 4.2 and 4.3. A new
approach towards design of broadband arrays for providing uniform bandwidth for
each photodetector in the array is presented in section 4.4. Thess designs are
expected to yield a minimum of 10 GHz bandwidth for each photodetector in 1x8

and 1x16 arrays.

4.1 Metal-Semiconductor-Metal Photodetectors

The metal-semiconductor-metal (MSM) photodetector is a planar device
consisting of interdigitated electrodes placed on a semiconductor absorbing layer.
The photodetector consists of two Schottky barriers (forming diodes) connected
back to back that form a structure essentially equivalent to two opposed diodes in
series. When a bias is applied, one of the diodes is reverse biased while the other
is forward biased.

Measured current-voltage characteristics depicted in Figure 4.2 are typical

of MSM devices. Since the MSM photodiode is a bipolar device by virtue of its two
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Figure 4.1 The Metal-Semiconductor-Metal (MSM) photodetector

opposed diodes, an almost symmetric (within the constraints of device fabrication
methods) behaviour is observed for a bias of opposing polarity as well,

The planar metal-on-semiconductor fabrication process is potentially
compatible with high speed electronic devices, thus making them attractive
~ candidates for photonic systems which require integration of optical and electronic
devices. MSM photodetectors have been shown to exhibit quite high bandwidths
[70). The fundamental physics and operation of these devices is well understood
and reported in literature [71, 72, 73, 74] aithough there are a number of device
fabrication issues which may adversely affect device performance [73, 75]. These
issues need to be solved before these devices attain their full potential in
optoelectronic device integration and applications. For optoelectronic switching
and signal processing applications, arrays of these devices are required to
provide the crosspoint elements (section 1.2, Figure 1.4), and as explained in the
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Figure 4.2 Current-voltage characteristics of MSM photodetectors

next section, even though single devices may be shown to exhibit tens of GHz

bandwidth, devices arranged in arrays are limited by effects external to the

devices.
4.2 MSM Photodetectors in Arrays
4.2.1 Conventional array designs

In the basic optoelectronic switching arrangement, the array functions as a
selector of optical signals when only one of the detectors is switched ‘ON’ (biased)
to detect the desired signal (detector number 2 in Figure 4.3) while all other
signals are incident on detectors which are biased ‘OFF’ (insensitive to light) and
thus make little or no contribution (crosstalk/interference) to the output signal.
Results presented in Chapter 5 confirm that signals can be suppressed by more
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Figure 4.3 MSM photodetector array as an optoelectronic signal selector

than 60 dB when the bias on an active MSM is switched from ON to OFF.
However, as far as the frequency response is concerned, each photodetector is
affected by all the other photodetectors in the array. As each photodetector has a
certain capacitance associated with it, the frequency response of the active
photodetector is changed due to all the other capacitances connected to the
common output line. In Figure 4.4, a 1x4 array schematic illustrates the case
where photodetector 2 (I,) is active (ON) and the frequency response of the
photocurrent collected at the output terminal would depend on Cyy, Cga, Cys, in
addition to the capacitance Cy, of the active photodetector.

In optoelectronic switching applications, these effects would result in non-
uniform bandwidths for different channels in a switch. Therefore, arrays of MSM
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Figure 4.4 Effect of photodetector capacitance in arrays

photodetectors need to be characterized to determine the bandwidth available
from each photodetector in the array. The substrate designed for the
optoelectronic modules (section 3.2) was used along with the mechanical
assembly to characterize the frequency response of the various MSM detectors in
different positions in the array. A single fibre input used to provide the optical
signal input for the frequency response measurements. Alignment was done by
means of a three axis positioner which is manipulated manually to align the fibre
end to the phototdetector device under test.

To investigate the effect of the array layout on frequency response, arrays
of two different sizes (1x8, and 1x16) were tested. These Gallium Arsenide
(GaAs) arrays for use at 850 nm wavelength were fabricated at BNR-Nortel,
Ottawa and Communications Research Centre (CRC), Ottawa. These are

referred to as BNR 1x8, BNR 1x16, and CRC 1x16 MSM arrays respectively in
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this work.

The MSM photodetectors in the BNR arrays (1x8 and 1x16) are
100umx100pum and can easily be coupled to standard multi-mode fibre. The
photodetectors in all the arrays considered in this work are placed at a pitch of
250 um as mentioned earlier. Figure 4.5 illustrates the layout of the BNR 1x8

MSM array. The arrays fabricated by CRC (Figure 4.6) contain 16 photodetectors,

- I ] output
™\ MsM
8 7 6 5 4 8 2 1 photodetector
[ ] ]

Figure 4.5 BNR 1x8 array layout

each of 72umx72um size. Provision is made to collect the output signal from
either end of the array or from the middle of the array. The metal strip near the
bottom of the chip layout was originally intended to serve as a ground plane for a
series of microcapacitors in the first stage of decoupling (similar to the 82 pF
capacitors in Figure 4.7). During this phase of testing, the appropriate
microcapacitors were not available and the first set of decoupling capacitors was

placed close to the edge of the array chip.
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Figure 4.6 CRC 1x16 array layout

4.2.2 DC-bias circuit

A two stage decoupling and isolation arrangement using thin film
microcapacitors in the first stage and surface mount chip components in the
second stage were used to supply a well isolated dc bias to each of the MSM
photodetectors with a short decoupled path to the ground plane on the TMM-3™
[64] substrate (for ac signals) with minimum stray effects. The circuit schematic

for the bias arrangement is shown in Figure 4.7. The substrate has ten such bias

Lossy Inductor bond wires MSM photodstector
1.1 mH,05Q '

Vdc m -
10 nF 1 nF 82 pF
/l /;l; /J; Y to other MSMs

Figure 4.7 DC-bias circuit for photodetectors
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lines for biasing ten different MSM photodetectors. The substrate with all the
components mounted using surface mount technology is shown in Figure 3.7, and
Figure 3.10 shows a photograph of the substrate assembled in the housing

Figure 4.8 shows the arrangement of equipment used to measure the

bandwidth of the photodetectors in these arrays.

Network
Analyzer
_ 85108

" 99

nooon,

— Modulator Q

Optoelectronic
N ’ Module
Laser (MSM)

Laser: Seastar PM-550A-830, Sharp LTO15MDO diode

Modulator: UTP Mach-Zehnder modulator (Y-fed balanced bridge), dc-18 GHz
Power: Newport Power Meter

Amplifier: Miteq 0.1-18 GHz bandwidth, 18.0 dB gain

Figure 4.8 Test equipment arrangement for MSM array bandwidth tests
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4.3 Bandwidth Limitations in Conventional Designs

Frequency response results from three different MSM arrays are described
in this section. These are referred to as BNR 1x8, BNR 1x16, and CRC 1x16
arrays according to the nomenclature and layouts described in section 4.2.1. The
optical power incident on the photodetector is 0.480 +/- 0.005 mW and the

photodetectors are biased at +5.0 volts unless otherwise indicated.

4.3.1 BNR 1x8 array

The response of the individual photodetectors in the array was measured
by illuminating each device in turn with the fibre coupled optical signal, and
biasing the photodetector at +5.0 volts, while grounding the bias lines of all other
photodetectors in the array. The devices are numbered with the device closest to
the output designated number 1 as shown in Figure 4.5. The frequency responses
of the MSM detectors #1 through #7 are shown in Figures 4.9 through Figure
4.15. The shape and features of the frequency response show a distinct change
with location in the array. A steady roll-off in the response, which begins around
100 MHz in the response can be noticed in all the photodetector responses.
Spurious features such as the prominent peaks in response beyond 2 GHz are
also observed in every case. The 3 dB bandwidth shows an increase from 970
MHz for photodetector #1 to 2.38 GHz for photodetector #7. The flatness of
response in the < 2GHz region also increases with the position of the

photodetector in the array.
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Figure 4.9 Frequency response of MSM photodetector no. 1
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Figure 4.10 Frequency response of MSM photodetector no. 2
in the BNR 1x8 array
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4.3.2 Position dependent frequency response

61

The variation in the 3-dB bandwidth is summarized in Figure 4.16 which
shows the 3 dB bandwidth versus the photodetector position in the array. The
photodetector furthest away from the output terminal (photodetector #7) produces
the maximum bandwidth while the photodetector closest to the output terminal
(#1) exhibits the minimum bandwidth in the array. The bandwidths of other

photodetectors show a monotonic increase as the position of the active

frequency response for each photodetector is primarily due to the different
electrical paths to the output terminal from each photodetector. Also, the thin and

long metallic trace which forms the common output signal bus (see Figure 4.5)
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Figure 4.16 3 dB bandwidth of MSM photodetectors in the 1x8 array
contributes appreciable inductance to the photodetectors further away from the

output terminal. The inductance of a metal trace can be calculated by the

following empirical formula (after [76]):

- 2. lenath. { [ —_2-length ) ) ¢ )
L= (D.DDQ*Iength {ln( i thicknegs,) * 0-5) JuH Eqn 4.1

where:

L = inductance of the metal trace (in micro-Henry)
length = length of the conductor (in cm)

width = width of the conductor (in cm)

thickness = thickness of the conductor (in cm)
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Using this formula, the inductance for the trace leading to photodetector
#7, which is 2000 um away from the output terminal, is calculated to be 1.64 nH.
While the photodetector closest to the output (#1) only sees an inductance of 0.1
nH to the output terminal. The difference in frequency response can be explained
using the ‘inductive peaking’ phenomenon [77] in which increased gain is
experienced due to a small (of the order of nano-Henries) inductance in series
with the device under measurement. This technique is frequently used to extend
the frequency response of wideband amplifiers [77]. Thus photodetector #7
experiences considerable inductive peaking as compared to photodetector #1,
which helps in extending the frequency response further. In order for this
technique to be beneficial towards extending the frequency response of all the
photodetectors in the array, it must be ensured that the same inductance is
experienced by all the devices; necessitating a electrically identical path from all
devices to the common output terminal. This conclusion is used constructively to
help with the design of new broadband photodetector arrays as explained in
section ...

To confirm the dependence of the response on the capacitances of inactive
photodetectors in the array, the response of photodetector #7 was explored
further by disconnecting the bond wires from all other MSM photodetectors in
turn, leaving only MSM#7 connected to dc bias. Disconnecting a photodetector in
the array essentially has the effect of eliminating its capacitance from being
connected to the common output signal bus (Figure 4.4), and hence an

improvement in the 3 dB frequency would be expected with each MSM
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disconnected from the array. Figure 4.17 shows the change in bandwidth versus

4.0 —

35+ .

3 dB Bandwidth
(GHz) 30k ]
25+ .

2010 2030 40 5060 70 80
Number of photodetectors connected to Array

Figure 4.17 Dependence of bandwidth of photodetector #7 in the
BNR 1x8 array on number of MSMs in the array

the number of MSM photodetectors disconnected from the array. Figure 4.18
shows the response of photodetector #7 while all other photodetectors are
disconnected from the array. The inductive peaking due to the trace inductance is

visible in the 2.5 - 4 GHz region.

4.3.3 1x16 Arrays
Similar results were obtained with 1x16 arrays fabricated by BNR and

CRC. Since these arrays exhibited the same behaviour as the BNR 1x8 arrays,
the results from the irequency response measurements on these arrays are not

included here. A comprehensive report on the measurements on all the arrays
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Figure 4.18 Frequency response of MSM no. 7
(all other MSMs disconnected in 1x8 array)

can be found in [78].

The position dependent response of MSM photodetectors in these array
designs renders them unusable above a few GHz. Also, the non-uniformity of
frequency response would result in non-uniform signal characteristics for different
channels. Therefore new designs are required which permit 3 dB bandwidths up
to 10 GHz while providing uniform frequency response for each photodetector in

the array.



4.4 Designs for Broadband Arrays

After the observation of position dependent response in photodetector
arrays, the effect of the layout pattern on the frequency response of the arrays
was analyzed with the help of simulation models in the Microwave Design
Software [79]. Using simple models defined for the MSM photodetector, the
frequency response behaviour experimentally observed was confirmed and a
family of optimized interconnect patterns was generated which eliminates the
position dependence of the photodetector response while extending the
frequency response past 10 GHz.
4.4.1 Simulation models for MSM photodetector arrays

A metal-semiconductor-metal photodetector can be represented by the
equivalent circuit shown in Figure 4.19 as a combination of an ideal current
source (generated photocurrent corresponding to the incident signal) with
capacitance, inductance and resistance associated with the physical device. This
simple model has been shown to be consistent with the measurements reported
on similar photodetectors in literature [73, 80, 81, 82]. The series inductance due
to the fingers is quite small (~ 50 pH) and generally negligible. The parallel
resistance of 12 MOhms represents the surface leakage, and the series
resistance due to the fingers and the metal interconnect is very low (~1.5-2 Q for
standard Ti/Pt/Au contact metallization on GaAs). The capacitance due to the
interdigitated finger structure for a 100umx100 pm MSM photodetector is
theoretically calculated to be ~75 fF [73, 75, 80, 81] even though measurements
by researchers have shown consistently higher capacitance of 0.15 - 0.30 pF
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Ipn = photocurrent generated in the photodetector corresponding to incident optical signal
Crmsm = capacitance of the photodetector (0.1 - 0.25 pF when biased)

Rs = series resistance of fingers (1.5- 2.0 Q)

Ls = series inductance of fingers (~50 pH)

Figure 4.19 Two port MSM model
(the values indicated are typical values for a 100umx100pm MSM device)
(Figure 4.20). For the purposes of modelling the effects of photodetectors in an
array, conservative estimates with high values of MSM capacitance (0.210 0.5 pF)
were used in evaluating the frequency response. Figure 4.20 shows capacitance
measurements carried out at CRC for 100umx100um MSM photodetectors at
different voltages and incident optical power of 0.5 mW. It can be seen that for
photodetectors with 2 um finger spacing (topmost trace in Figure 4.20),
capacitance in the illuminated state can be as high as 0.3 pF for low bias

conditions. Since photogenerated carriers in the photodetector absorption region
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result in formation of space charge regions which screen the applied field,
capacitance of the device increases as the charge on each electrode increases
while the potential difference is decreased [75, 80, 83, 84].

This simple device model can be combined with other elements present in
the array to form a lumped element representation of the MSM array. Figure 4.21
shows the lumped element model used for an initial investigation of the position
dependent frequency response observed experimentally for the array shown in
Figure 4.5.
lumped inductances calculated with the help of “ribbon over substrate” module in
HP-MDS software package [79]. This submodule provides a value of inductance
(1.61 nH for a trace 2000 um long, 100 um wide, 10 um thick) which agrees well
with the calculation done with Equation 4.1. The frequency response obtained
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Figure 4.21 Lumped element simulation circuit for MSM array

with this model is shown in Figure 4.22. The simulated frequency response shown
here for photodetector #1 in the array confirms the measured frequency response
and also exhibits spurious features in the 3-10 GHz region which are consistent
with measurements (Figure 4.9).

Even though a lumped element simulation model such as the one in Figure
4.21 is helpful towards gaining an understanding for the frequency response
behaviour of photodetector arrays, a more comprehensive distributed element
microwave circuit model is required to characterize the array performance at
higher frequencies (>1 GHz).

Since the layout geometry of the metal interconnect pattern in MSM arrays
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(Figure 4.5, 4.6) lends itself to use as microwave transmission line elements, it

MSM Array

Figure 4.23 Interconnects as microstrip transmission lines

was decided to place a ground plane on the other side of the semiconductor chip
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(the other side of the wafer can be metallized to fabricate the ground plane, the
wafer can be -hinned to specified thicknesses by lapping to 400-750 um before
metallization). The interconnect elements can then be simulated as transmission
line structures and their design can be optimized such that maximum and uniform
bandwidth across the array is obtained.

With the use of distributed element models, the problem of designing an

interconnect pattern to combine possible photocurrent contributions from each

combiner circuit is required between the devices and the common output terminal

(which connects to 50 Q transmission line). The target bandwidth to be achieved
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Figure 4.24 Combiner circuit for photodetector array

from the array designs was selected to be at least 10 GHz so that the arrays may
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be utilized in switching of data channels at 10 Gbps and above.

The microwave combiner circuit must have broadband characteristics such
that the frequency response of photodetectors is not adversely affected. Also, the
combiner circuit should provide a uniform frequency response for each
photodetector in the array.

An analogous problem is encountered in high power microwave circuits
where power combiner circuits are used to arrange multiple devices (amplifiers or
oscillators) in parallel and consequently the power handling capability of the circuit
can be increased.

Desirable properties of such a combiner circuit include:

- input ports should be well matched to the source
impedance

- isolation between different input ports should be high

- the frequency transfer function from input to output port
should be broadband

- amplitude and phase response of the different signal
paths should be similar

These requirements are satisfied with structures such as the Wilkinson n-
way hybrid combiner [85], and the “fork” hybrid combiner [86]. These structures
are shown in Figure 4.25. These combiner structures are called ‘hybrids’ because
they require the use of additional elements - resistors, as well as transmission line
elements.

The n-way Wilkinson hybrid provides a broadband match for the inputs to



R=2

Wilkinson hybrid combiner

fork’ hybrid combiner

Figure 4.25 Wilkinson and ‘fork’ hybrid combiners

be combined [87] though the structure is not planar for n > 2 since resistors are
required between each of the n input branches and the centre branch, including

the two at the extreme ends (Figure 4.25).
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Fork hybrids permit planar structures to be realized for any number of
ports, but the match and isolation is not as good as the Wilkinson combiner and
the bandwidth is < 20% around the centre frequency used for design [88]. Both
kinds of hybrid structures may be improved by using two (or more) stages of

isolation resistors [88] as shown in Figure 4.26.
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Figure 4.26 Single stage and two stage combiner hybrid circuits

Design of n-way combiner circuits for MSM photodetector arrays, however,
has important additional constraints which make the Wilkinson or Fork hybrids
unsuitable. The primary constraint is that the sources to be combined are
essentially (photo) current sources (ideal current sources are open circuits) which
make the use of A/4 sections impractical and the expressions for calculating the

impedance of the combiner stage transmission lines (Zy, Zg 1, Zg 5 in Figure 4.26)
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are no longer valid [88].

Also, the use of isolation resistor stages in combiners introduces complex
additional processes (thin film resistors) to the fabrication of photodetector arrays
(in GaAs or InGaAs systems). In addition to these limitations, the planar hybrid
structure (fork) also has a limited bandwidth. Despite these factors which negate
the use of these circuits for photodetector arrays, a number of combiner
arrangements inspired by these hybrid structures were explored. The HP-MDS
software package [79], which provides an extensive library of distributed and
lumped passive microwave component models for RF simulations, was used to
investigate the frequency response behaviour of various combiner designs. The
MSM photodetector device model shown in Figure 4.27 was used in all of these
simulations.

A four port schematic representative of the simulation circuits is shown in
Figure 4.27. The minimum array size for the simulations was kept at 1x10 to yield
designs which are usable in optoelectronic switching applications, although most
of the designs were for 1x16 arrays to permit 16x16 switches.

The impedance between the MSM photodetector and the output port (50%)
is split into three sections Z,, Z,, and Z, as shown in Figure 4.27. These are
varied and jointly optimized to yield a target bandwidth of dc to more than 10GHz
for each photodetector in the array in addition to ensuring that all the
photodetectors exhibit a uniform frequency response.

The three different impedance sections (24, Z,, Z,) consist of multiple
transmission line components including tapered transmission line sections and
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—l L
MSM photodetector

Figure 4.27 Schemat! : of 1x4 combiner for photodetector array

transmission line sections of different characteristic impedances. The effect of
each impedance section on the frequency response was observed and then
varied to achieve the bandwidth targets for the photodetector array. Extensive
simulations executed on an alpha 3000 workstation were used to empirically
optimize the designs for maximum bandwidth as well as uniformity of bandwidth.

The MSM array designs using these combiners were carried out for two
categories of applications:

optoelectronic switching, and

optoelectronic signal processing
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Array designs intended for switching applications are optimizexs tor tro
case where the array functions as a ‘selector’ of incident signals and onily =re out
of N photodetectors in the array is biased ‘ON’ at any given time. This fact has
implications for the capacitance used in the photodetector models. Capacitanze of
a photodetector in the ‘ON’ state (Chsmon) in the model is taken to be 0.1 to 0.25
pF, while the capacitance of a photodetector which is switched ‘OFF’ (CnsmoFF) is
slightly higher - 0.25 to 0.5 pF. These values used in the simulations are
conservative. Somewhat lower values have generally been reported in the
literature [81, 84] on experimental measurements of MSM devices. However, the
designs are such that the bandwidth would be higher than reported here if the
capacitance values of the devices were to be lower.

For signal processing applications, all photodetectors in the array may be
‘ON' (Crrismon < 0.25 pF) and therefore the designs were optimized accordingly.

Figure 4.28 shows the simulation circuit diagram for a 1x16 array intended
for optoelectronic switching applications. 16 identical segments which include the
MSM device models and the symmetric branches are visible in the circuit
diagram, and an expanded view of two such segments in shown in Figure 4.28(b).
DC-bias circuitry and decoripling capacitors (similar to the circuit in Figure 4.7) are
included in the simulation. The effect of bond wires which would connect the array
to the substrate is also included by incorporating appropriate inductances at the
output and at each MSM photodetector. Figure 4.29 shows the frequency
response of a MSM photodetector in the 1x16 array of Figure 4.28, and the
frequency response of a photodetector in a conventional array is also included for
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Figure 4.28 (a) Simulation circuit for MSM array

comparison. The frequency response of the photodetector exhibits better than +1
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4.5 Designs for TRLabs MSM Mask

Following the circuit depicted in Figure 4.28, a number of array designs
were selected for various switching applications at TRLabs. The layouts for these
designs and the simulated frequency responses obtained are given in the

following sections.

4.5.1 1x16 Array designs

The MSM photodetector arrays for use as signal selecting crosspoints in

Sl 1x16
| Array-A

250 o

TRLabs

-
-

LA

Figure 4.30(a) Layout for 1x16 array design, type A



1x16
Array-B

TRL.abs

Figure 4.31 (a) Layout for 1x16 array, type B

The frequency response of the array designs is shown in Figures 4.30(b), 4.31(b),
and 4.32(b) respectively. The photodetectors are arranged at 250 um pitch to
match the fibre spacing in fibre-ribbons which constitutes the easiest method to
distribute optical signals to the devices.

The array design shown in Figure 4.32(a) is intended for use in integrated
versions of oploelectronic switch [50]. The constraints imposed by the use of
polymer laser written waveguides for signal distribution [15, 89] require the output
terminal to be situated close to one end of the array rather than the middle as in
Figure 4.30(a) or 4.31(a). Also, the total width of the chip (W in figure 4.32(a)), is

constrained to be as small as possible and therefore the optimized form of the
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Figure 4.32 (aj Layout for 1x16 array, type C
output section used in other designs cannot be utilized for this application. As a
result, the frequency response for this design exhibits a lower 3 dB roll off point (8
GHz in Figure 4.32(b)) as compared to >10 GHz for other designs. However,

binary data up to 10 Gbps may be transmitted through an 8 GHz channel
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bandwidth at acceptable bit error ratio (<107°), and these arrays may be used for

switches with aggregate capacity exceeding 150 Gbps.

4.5.2 1x8 Array designs

Broadband photodetector arrays for use with free space distribution
methods for optical signals are shown in Figure 4.33 and 4.34. Free space optical
signal distribution entails the use of beam steering methods with diffractive optic
elements [90] or micro-optic components [47, 91]. The designs shown in this
section can be used with guided wave distribution techniques as well [15]. The
1x8 array shown in Figure 4.33(a) follows from the 1x16 array design of Figure
4.32(a).

The photodetectors in these arrays are spaced at 500 um each to match



Figure 4.33 (a) Layout for 1x8 array, type A
the separation best suited for achieving low crosstalk with free space optical
signal distribution [92]. (Note that the 1x16 arrays with 250 4m device spacing can
also be used as 1x8 arrays with 500 um pitch by using aiternate photodetectors.
There are negligible spurious effects introduced by the impedance of the unused

detectors.) The array design shown in Figure 4.34(a) is based on simply ensuring

is different from the other designs since it is a combination of two-port combiner
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elements connected together to form one common output from eight input
devices. The frequency response for the design in shown in Figure 4.34(b).
4.5.3 Mask design

A mask set which will be used to fabricate the MSM arrays in GaAs and
InGaAs material systems has been prepared by Ray DeCorby (TRLabs and
University of Alberta), and devices will be fabricated at Communications

Research Centre (CRC), Ottawa.
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4.6 Other Applications of Broadband Photodetector Arrays:
Wavelength Tunable Receivers

In addition to the optoelectronic switching applications, arrays of
photodetectors may also be employed in tunable receivers for wavelength division
multiplexing (WDM) systems. As shown in Figure 4.35, multiple wavelengths
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contained in the incoming optical signal are separated using an optical
demultiplexer (such as a grating), and an array of photodetectors is used to select
‘1 of N’ signals by switching ‘ON' the appropriate photodetector. MSM
photodetectors are suitable for this application due to the ease of integration,
good sensitivity, and low switching voltages [84]. Tunable receivers for low bit rate
(700 Mbps) signals based on a similar concept wiil be commercially available by
end of 1996 [93, 94] and the use of broadband MSM arrays reporied here can
potentially extend the data rate per channel in such receivers to more than 10

Gbps.
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5. Format-Transparent Switching Results

Parameters used to characterize the performance of a switching element
for various signal formats in a communications network are introduced in this
chapter and results for the optoelectronic prototype switch are presented. Data
format and bit rate transparency properties of optoelectronic switching are
demonstrated with results presented for a variety of data rates. Performance of
the optoelectronic prototype switch for switching of analog CATV signals is also
characterized.

The use of spectrally efficient modulation formats for photonic
interconnects is proposed in section 5.4. Comprehensive experimental results are
presented in support of the proposed technique to demonstrate an increase in the

throughput of a photonic interconnect by using multilevel modulation.

5.1 Characterizing Prototype Switch Performance
The primary characteristics that determine the performance of a switching
mechanism and help evaluate its suitability for applications in breadband
communication networks are:
Channel bandwidth

Contrast between ON and OFF states of the switch
elements

Crosstalk levels

Signal quality for switched signals
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5.1.1 Channel bandwidth

The elements which determine the bandwidth in an optoelectronic switch,
as in any other photonic communication link, are the components at source and
termination of the link. These electronic-to-optical (laser) and optical-to-electronic
(photodetector) conversion elements limit the usable bandwidth of optoelectronic
switches. In the prototype switch, the channel bandwidth is determined by the
transmitter bandwidth (section 3.3). Figure 5.1 shows a plot of the channel

Sg18M log MAG i0 98/ REF 0 ua
B EF:fﬁﬁarhT oA [ tsoaTEG %j ag

t— M\V\Hnﬁ“rg ,\P- H

STaRT .300 000 MHz STOP 2 000.000 00O MMz

Figure 5.1 Channel bandwidth for prototype switch
bandwidth. 3 dB bandwidth of 1.25 GHz is measured for each of the ten
transmitter channels in the prototype. The channel bandwidth can be extended by
using laser transmitters and photodetector arrays with higher bandwidth. Array

designs presented in Chapter 4 can potentially allow channel bandwidths in
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excess of 10 GHz with appropriate lasers.

5.1.2 Contrast between ON and OFF states of the switching elements

1 2
R :t1 or
M @
ON/OFF Contrast Crosstalk
ratio of ‘1" and ‘(1) or 2’ and ‘(2)’ ratio of 1" and ('2)’ or ‘2’ and ‘(1)’

Figure 5.2 ON/OFF Contrast and signal crosstalk
The ON/OFF contrast ratio in a switching element depends on the extent to

when the element is rendered inactive. In optoelectronic switching, this contrast is
the ratio of the signal from the MSM photodetector in the ON (biased) and OFF
(unbiased) states. Since the MSM photodetector consists of two back to back
diodes, very little photocurrent is generated when the device is in the unbiased
state. Figure 5.3 shows the ON/OFF signal contrast measured for a port in the
prototype switch. More than 60 dB of signal contrast is achieved for a signal
modulated at 1 GHz. The excellent contrast obtained with cptceleétrcﬁic
techniques is illustrated further in Figure 5.4 with a high resolution scan
(resolution bandwidth = 30 kHz) of the channel passband. The channel scan in
Figure 5.4(a) shows a 500 MHz tone (-4.81 dBm) in the ON state at the output

port of the switch. Interference signals from various radio sources (FM broadcast
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Figure 5.3 ON/OFF Contrast of optoelectronic switching elements

radio: 80-110 MHz, Alberta private licensed radio networks: 100-200 MHz,
Northern Alberta analog radio network: 400 - 430 MHz, Cellular radio: 800-930
MHz) picked up in the high gain (56 dB) receiver circuitry can be seen in the scan.
Figure 5.4(b) shows the output port switched to ‘OFF’ state and the signal tone at
500 MHz is suppressed to -67.76 dBm, below the narrowband interference
signals. Another indication of the ON/OFF contrast is available from the channel
bandwidth plot of Figure 5.1 where the difference between upper trace (ON) and
lower trace (OFF) indicates the isolation between ON and OFF states across the

entire channel passband.
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5.1.3 Crosstalk

Interference caused by signals present in a channel due to cross coupling
from other channels in the switch is termed ‘crosstalk’. Optoelectronic techniques
provide high immunity from crosstalk since signals are never present on a
common substrate in either the electronic or photonic domain. The primary cause
of crosstalk is the residual signal contribution by the inactive photodetectors in the
array due to very small amounts of bias that may be present as a result of non-
zero ground potential in the array biasing circuit. Since the photodetectors in the
array are individually biased, two adjacent photodetectors can be biased ON
(worst case crosstalk) to measure the strength of the interfering signal. By
switching OFF one of the photodetectors, and measuring the difference in

resultant signal levels, crosstalk can be directly measured (Figure 5.5). Figure 5.6

0.995GHz 0.995 GH

l

10GHz

1.0GHz
L,

- , i — -
— L I

frequency frequency

crosstalk level =a - b

Figure 5.5 Crosstalk measurement experiment

shows superimposed traces corresponding to the two cases shown in Figure 5.5.
The crosstalk suppression level in the prototype switch is measured at more than
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Figure 5.6 Crosstalk measurement at 1 GHz

60 dB. Note that this experiment provides a measure of the total crosstalk
contribution. This consists of the °‘OFF' state photocurrents from all
photodetectors except one that is switched ‘ON’, as well as the optical
crosscoupling between the two adjacent inputs. A qualitative indication of the
signal crosstalk immunity of the optoelectronic switch prototype is also available in
the experiment described in section 5.3.3 where an analog TV signal and a
broadband data signal (622 Mbps to 2.488 Gbps) are routed simultaneously
through the prototype switch.

In addition to these factors which help evaluate the performance of the
switch, signal quality measurements are also important in order to fully
characterize the switch fabric. Results for digital and analog signals switched
through the prototype are presented in the following sections.
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5.2 Digital Signal Switching

The broadband binary digital signal constitutes the most commonly used
format of data used for information transfer in communication networks today. The
quality of a transmission channel for binary signals is characterized in terms of bit
error rate (BER) for a given data rate through the channel. Eye diagrams are also
useful in indicating the quality of the channel. BER measurements at different
data rates for binary signals routed through the switch are given in Table 5.1.

Table 5.1 BER measurements

Data Rate Ea‘aéﬁggf“@ Bit Error Rate (BER)
622.08 Mbps (0C-12) T %5 | eror free (30 minutes)
1.0 éb}zs } - :23_1 B Vérrc:i;ﬁ:é’e’ (30 r’ni;utes) .
15Gbps | goa "~ error free (30 minutes)
20Gbps | o7 T axi00
2.48832Gbps (OC-48) | 274 | a2x100

Eye diagrams for varioi.:s data rates are shown in Figures 5.7 to Figure
5.11. Since the switch has no digital circuitry, the data rate at any input can be
continuously changed without any changes required in the switch hardware or
software. The prototype switch is capable of routing any data rate up to a
maximum of OC-48 (2.48832 Gbps) per channel, which is currently the highest
data rate in commercial use anywhere in the world. The current aggregate
capacity of the 10x10 prototype switch is thus 25 Gbps. Section 5.4 proposes the
use of multilevel signalling in switch fabrics to extend the capacity to 3.6 Gbps per
charinel or an aggregate of 36 Gbps. With the arrays designed for > 10 GHz
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Figure 5.7 Eye diagram for data rate = 622.08 Mbps (0C-12)
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Figure 5.9 Eye diagram for data rate = 1.50 Gbps
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Figure 5.10 Eye diagram for data rate = 2.0 Gbps
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Figure 5.11 Eye diagram for data rate = 2.488 Gbps (OC-48)

channel bandwidth, data rates of 10 Gbps (OC-192) and above which may be in

commercial use in the near future, can be routed though an optoelectronic switch.

5.3 Analog Signal Switching

Broadband cable TV (CATV) networks are one of the fastest growing areas
in telecommunications. Even as new standards for digital transmission of high
quality video signals are being established, it is clear that analog video signals
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would continue to be carried on these networks as well. The application of

optoelectronic switch for routing analog video signals is evaluated in this section.

5.3.1 Analog video signals

The signal path through the prototype optoelectronic switch provides a high
quality channel capable of routing analog video signals in addition to the digital
signals described in section 5.2. Signal quality measurements with video carrier
signals generated in the laboratory were carried out with the prototype switch. A
bank of single frequency video carrier signals generated by a special purpose
signal generaior is used to represent the CATV multichannel video payload.
Performance testing of analog systems can carried out with this ‘matrix generator’
which can generate a comb of video carrier frequencies with variable power level
for each frequency.

It is useful to review the video signal format characteristics &o that the
impairments caused in the transmission or routing of these signals may be

characterized. The NTSC (National Television Systems Committee) standard

1.25 MHz above the low frequency cut off for the channel, and is the dominant
frequency component in the signal.

Performance of the optoelectronic prototype switch is characterized for a
composite 42 channel standard CATV payload (see Appendix D for CATV
channel designations) with video carrier frequencies ranging from 55.25 MHz

(channel 2) to 349.25 MHz (channel 45).
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Figure 5.12 NTSC standard video channei spectrum

5.3.2 System impairments

Transmission of analog video signals in a lightwave system (such as the
optoelectronic switch which consists of a laser transmitter and a receiver in each
path) is affected by the noise present in the system as well as the distortion
effects due to nonlinearities in the system.
5.3.2a Noise

The three dominant types of noise in the system are receiver thermal
noise, shot noise, and relative intensity noise (RIN). For the optoelectronic switch,
the receiver thermal noise is measured to be 116 dB/Hz (see Figure 5.13 and
CNR calculation), RIN noise or laser excess noise, for the laser diodes used in the
switch is 125-130 dB/Hz [3, 65). Another potential source of noise (optical) in the

switch is the multimode splitter in which modal noise (speckle noise) effects could
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limit the average power to variance ratio to ~30 dB for devices under severe
mechanical stress [95], though no such effects are observed with the prototype
switch. Modal dispersion limitation in the case of optoelectronic switch is
negligible due to the short fibre length (1 m) used for signal distribution in the
switch (bandwidth.distance product: 500 MHz-km).

Based on the contributions of various sources of noise in the switch, the
dynamic range of each channel is expected to be dominated by the receiver
thermal noise.

The noise performance of an analog system is measured in terms of
Carrier power to noise power ratio termed Carrier-to-Noise ratio (CNR). The
National Cable TV Association (NCTA) recommends the following settings in
Table 5.2 for the spectrum analyzer to measure CNR and other distortion

products.

Parameter Reco‘r;;rlr'::nded
Resolution Bandwidth 30 kHz%
Video Bandwidth 100 Hz
Frequency Span 10 MHz
Sweep Time 6 seconds 7

NCTA also recommends a procedure to be followed for measuring CNR
and distortion products for analog video systems. All measurements reported

here follow the procedure given in [96).

To measure CNR, carrier power is measured by tuning the marker to the
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parameters given above in Table 5.2. Noise power is measured at the carrier

frequency when the carrier signal is turned off at the source. Figure 5.13 shows

AL EBE;dB- ., KR ¥ FRO 349.25 WHz

CENTER 399.25 fifz ) fﬁﬁﬁ WAz
sRB 38.€ kHz *UB 188 H:z +ST 5.0080 sec

Figure 5.13 CNR for analog video signals

the two traces corresponding to carrier power (0.20 dBm, the input signal level to
the switch is set at 0 dBm or a modulation depth of 21.2%, see calculation in
section 5.3.3 for calculation of modulation index) and noise power (-71.26 dBm)
measured at 349.25 MHz (video carrier frequency, Channel 45).
The CNR is calculated as:
CNR = 0.20 - (-71.26) dB = 71.46 dB (in 30 kHz
measurement bandwidth)
= 116.2 dB/Hz
= 49.96 dB in 4.25 MHz video bandwidth
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NCTA recommends a minimum CNR of 44 dB for coax;al tv networks [96].

5.3.2b Nonlinear distortion
There are three kinds of nonlinear distortion effects in an analog video

system:
Cross modulation
Harmonic distortion

Intermodulation distortion

Cross miodulation is a form of distortion where modulation from a channel
is superimposed on other channels in the system as a result of nonlinear gain
mechanisms in the system [97].

Harmonic distortion, as the name implies, results from harmonic
frequencies of different carriers present within the channel passband of interest.

Cross modulation and harmonic distortion effects in a lightwave analog
CATV system are usually small compared to the intermodulation distortion
products [97].

Intermodulation distortion is the result of an interaction between two or
more subcarrier frequencies that may result in products present in the band of
interest.

As shown in Figure 5.14, intermodulation products resulting from two
carrier frequencies f; and f, give rise to the following signals:

second order distortion product at: If; + f,!
third order distortion product at: 12f; + f,l & 12f, + f4
Third order distortion can also be present as a result of three different
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Figure .14 Intermodulation distortion products for two carrier frequencies

carrier frequencies fy, 5, f3 which will give rise to “riple beats” at Ify fo £ f4l. Other
higher products are usually insignificant compared to second and third order
products.

In multichannel systems such as a CATV system, several nonlinear
distortion products will fall at the same frequency, causing “beat stacking”. For
these systems, nonlinear distortion is characterized in terms of Composite
Second Order (CSO) distortion, and Composite Triple Beat (CTB) products which
are the strongest second and third order beat stacks within the 6 MHz channel
bandwidth.

With the standard CATV channel allocation (Appendix D), it can be seen
that CSO products will fall 1.25 MHz above or below the video carrier frequencies
(since fy, f, ..... are 1.25 MHz above a frequency that is an integer muitiple of 6
MHz), CSO is measured (in dBc) as the power present at a frequency + 1.25 MHz

from the video carrier frequency of channel under test, relative to the power of the
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video carrier signal.

The third order beat stack products are located at the video carrier
frequencies themselves and thus CTB is measured at the video carrier frequency
in the channel of interest as the difference between the carrier power at that
frequency, and the signal power present at that frequency when the carrier signal
is switched off at the source.

CSO and CTB measurements are also done with the NCTA specified
instrument settings [96] as listed in Table 5.2. Figure 5.15 shows a view of the
intermodulation beat products for Channel 43 (video carrier at 337.25 MHz) while

all 44 video carriers are active (-10 dBm per channel).

RL 8.88 dBa HKR %1 FRQ 337.25 NHz
ATTER 38 4B 38.19 dBe
18.8 dB/%IU
UNCRL POS [PK
| HARKER
337,85 NHZ
| -36.{5 dBy
T cso| jctB| Icso

EINIYE YT}

“CERT AT SPAN 10,00 T
R 38.08 kHz 'UB 108 Hz *ST 6,800 sec

Figure &.15 Intermodulation products at Channel 43
CTB product is visible at 337.MHz, CSO products are
present at £1.25 MHz from the centre frequency
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The experimental set up for measurement of CNR, CSO, and CTB in a 42

channel bank routed through the prototype switch is shown in Figure 5.16 while

optoelectronic switch

Matrix
generator
(Ch-2 to Ch-45)

Spectrum
Analyzer

Figure 5.16 Experimental set up for measuring CSO and CTB

5.17 shows the entire channel CATV channel bank switched through a single

switch port. CSO and CTB results are reported for different modulation depths

POSPR

START 5.0 WAz —ST0P 504 Az
BB 188 kHz VB 100 kHe ST 91.58 msec

Figure 5.17 Composite CATV payload (Channel 2 to Channel 45)
routed through the optoelectronic switch
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represented by ‘modulation index’ defined in the next section.

5.3.2¢ Modlulation index
Modulation index is used to indicate the depth of the modulation imposed

on the laser output signal by the drive signal current. Figure 5.18 shows a
characteristic Light-Current (L-I curve) relationship for a semiconductor laser

diode, and indicates the various parameters used to define modulation index. The

La

Optical
Output
Power

Poias

input current

modulating
current
m(t)

Figure 5.18 Light-Current characteristics for calculating modulation index

input current to the laser consists of a fixed portion (DC bias current) and the RF
modulation signal. The optical output waveform may be written as:

Po (1) = Ppigg- (1+m (1)) Eqn. 5.1
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where Py is the average optical power at the bias current Ibias, and m(t)

is the input signal. For a single channel:

m(t) = m-cos (2rf 1) Eqn. 5.2

where f; is the carrier frequency and ‘m’ is the peak modulation index given

by:

P Al
m = ek Eqn. 5.3
Pbias Ibias_lth an. o

(assuming optical power corresponding to I to be negligible as compared

t0 Ppias OF Ppeax)

For the lasers used in the prototype switch:

lh = 44 mA, and lpizs= 65 mA.

The optical power output at 65 mA is 5 mW coupled into the fibres [65].

For input RF signal power = 0 dBm (into 50 Q)

Al = lpeak - Ipias = 4.47 MA

Thus, m=0.2120r21.2 %

For multichannel systems, the effective modulation index (since there are
multiple carrier signals, each with a modulation index ‘m’ of its own) for N carriers
is defined as [98]:

2
Nm
Mett = 5~ Eqn. 54

For N=44, and Iy, and I, values given above, Table 5.3 provides the

modulation indfces corresponding to different power levels per channel used to
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measure CSO and CTB.

Table 5.3 Modulation index for measuring CSO, CTB

_ L o ] Total effective
RF Power per Modulation index ‘m’ ﬁ"lﬁdtlallaﬂﬂﬁriﬁéex
channel (dBm) per channel R ‘rﬁéf? o

100 | oosr T 032 )
5.0 ) 0.12 057

5.3.2d CSO and CTB measurement for prototype switch
Using the NCTA standard procedures and instrument settings given in

Table 5.2 and the modulation indices shown above, CSO and CTB products were
measured at two channels (Channel 2 and Channel 43) situated at either end of
the composite channel spectrum.

Figure 5.19 shows the CTB distortion products measured with respect to
the carrier power at 55.25 MHz for different modulation depths. The video carrier
frequency 55.25 MHz corresponds to Channel 2 in the standard CATV
designation. The composite second order beat products (CS0) measured at 54.0
MHz and 56.5 MHz in channel 2 are shown in Figure 5.20. It can be seen that the
CSO0 and CTB degrade with increased modulation dfive levels since the RF signal
current now produces more distortion as a result of the nonlinear L-l
characteristics of a semiconductor laser.

Similar measurements for distortion products were carried out at Channel
43 (337.25 MH2) in order to fully characterize the CTB and CSO effects across
the composite CATV payload. Results for CTB measured at 337.25 MHz, and
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Figure 5.19 CTB measurement at 55.25 MHz (Channel 2)
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Figure 5.20 CSO measured in Channel 2
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CSO measured at 336.0 MHz & 338.5 MHz are shown in Figure 5.21 and Figure

5.22 respectively.
‘50.0 - T L T T T T T

=400 .

(dBG) -30.0 i

200 ]

010 020 030 040 050 060 070 080

-10.0

Total effective modulation index mgg
Figure 5.21 CTB measurement at 337.25 MHz (Channel 43)

NCTA specifies CSO and CTB to be better than -52 dBc [96]. With the
current lasers which have rather nonlinear L-I characteristics, these requirements
are not satisfied. However, linear lasers intended for CATV applications which
exhibit > 65 dBc second order harmonic distortion suppression are commercially
available, and can be utilized at the input ports in the prototype if composite
analog video signals are to be switched with the required distortion specifications.

An indication of the nonlinearity of the lasers currently used in the

prototype switch can be obtained with a simple single tone modulation input to the

harmonic at -35.75 dBc and third order harmonic at -25 dBc for 0 dBm signal
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Figure 5.22 CSO measured in Channel 43

modulation (modulation index 0.212). However, this is not a true test of the
linearity since the signal generator (HP 8642A) used for measuring the iinearity of
the laser (Figure 5.23) was found to exhibit signal harmonics in its output. The
output of the signal generator measured with the spectrum analyzer (HP 70000)
showed that the fundamental signal (0 dBm) is accompanied by a second
harmonic tei: at -57.7 dBc, and third harmonic tone at -67 dBc. The matrix
generator used for measuring CSO and CTB was found to be free of any

measurable signal harmonics.

114



25 3

START 2.0@ fHz ~ ST0P 15.08 WAz
sRB 3B8.8 kH:z «UB 188 Hz sST 6.0800 sec

Figure 5.23 Harmonic distortion in Lasers used in the prototype switch

5.3.3 Format transparent switching

Simultaneous routing of digital and analog signals is achievable through
which uses a single standard NTSC video signal from a video cassette recorder in
addition to a broadband digital data source to serve as signal inputs to the
prototype. The signal outputs are shown in the inset photograph and eye diagram.
The photograph corresponding to the video signal is a video-print of the analog
signal at the output of the switch as displayed on a television monitor.

The format independent switching capability demonstrated with this
experiment has important bearing on the nature of applications that may be

enabled through such switches. Multimedia networks requiring routing



2.488 Gbps

optoelectronic
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Figure 5.24 Simultaneous analog signal and digital data switching

mechanism for many kinds of signals including high quality analog signals are
obvious applications for format independent switches. Perhaps a bigger impact
can be envisioned in other areas such as high speed switches required for
computer LANs where a single technology can support a variety of formats and
data rates. Thus no hardware modification is required for the switching
mechanism as networks undergo changes at the higher level protocols or change
to different data rates and formats. Use of a single technology to produce
switches suitable for various data rates or indeed, various networks, also has
implications for simplified and low cost production of broadband switches.

Some other signal formats that can be routed through the prototype include
n/4 DQPSK (used in digital cellular radio systems in North America), and N-VSB
(N-level, vestigial side band signal which is a 8 or 16 level signal proposed for
digital broadcast of high definition TV signals in North America [99).
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5.4 Spectrally Efficient Modulation for Photonic Interconnects

The wide dynamic range characteristic of photonic interconnects or switch
fabrics can be utilized to increase the data throughput in photonic switches by
using spectrally efficient modulation schemes and without requiring increased
bandwidth of electronic components in the laser transmitter or receivers in the
switching system.

Bandwidth efficient multilevel signalling schemes have been suggested
[100, 101] and demonstrated [102, 103] to overcome dispersion limitations in fibre
based direct detection transmission systems. However, use of bandwidth efficient
multilevel codes has not been prevalent in long haul fibre optic transmission
systems due to the increased dynamic range required although there is some
benefit available due to the reduced transmission bandwidth and consequently
reduced dispersion penalties [102].

In short distance photonic interconnects, such as the ones used in the
prototype switch for signal distribution, where neither dispersion nor available
power is a limitation (even multimode fibres provide 500 MHz-km or 50 GHz over
10 m), spectrally efficient baseband modulation techniques such as M-level
amplitude shift keying (ASK) can effectively utilize the available dynamic range in
a photonic interconnect based switch to increase data throughput.

This work presents the first demonstration of the application of spectrally
efficient codes to increase the throughput of a broadband switch based on
photonic interconnects. This increase is achieved without the added cost of
requiring high bit rate electronic components for optical transmitters and
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receivers.
Since relatively inexpensive lasers (780 nm, multimode fibre pigtail, TO-
can packaged lasers) with external bias-tees are used, in the prototype switch,

the bandwidth is restricted to 1.25 GHz on each of the transmitters (section 3.3).

typical input-port-to-output-port channel in the switch matrix dynamic range of 116
dB/Hz (Section 5.3.2) corresponds to 24 dB over the 1.25 GHz bandwidth of each
channel.

5.4.1 Spectrally efficient codes
Multilevel signalling formats such as duobinary and M-ary modulation, offer

an increase in the spectral efficiency of the baseband signal over the binary
scheme by using the dynamic range of the signal [1 04]. Multilevel signalling with
M levels would increase the data throughput at the same signalling rate by a
factor of log,M [104]. Since relatively short distances are involved, the limiting
factor for use of highly efficient baseband modulation schemes is the required
dynamic range and not the dispersion effects as it would in a long haul fibre optic
transmission system. For equally spaced levels, the eye opening is reduced by a

factor of 3 over the binary case and for a given symbol error rate, the power

penalty is 10log (((M~1))/ (/Tlog (basez) (M)))) (3.2 dB for 4 levels) [101].

5.4.2 Results
The eye diagram for binary data transmission at various rates were shown

in Figures 5.7 through Figure 5.11.

Figure 5.25 shows the input multilevel electrical signal (1.58 Giga-symbols/

118



Figure 5.25 Multilevel input signal to the optoelectronic switch

Symbol Rate = 1.58 GHz

Symbol Rate = 1.58 GHz
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sec), and Figure 5.26 shows the corresponding multilevel signal after the input
signal is switched to an output port in the switch. The tributary signals for this eye
diagram are at 1.58 Gbps each, which results in a symbol rate of 1.568 Giga-
symbols/second (2 bits per 4 level symbol), thus extending the data throughput of

the switch to > 3 Gbps per port. Figures 5.27, 5.28, and 5.29 show four level eye

1 1.5
Symbol Number

Figure 5.27 Switched multilevel signal at output of optoelectronic switch
Symbol Rate = 0.9 GHz

diagrams for data signals at symbol rates of 0.9 GHz, 1.1 GHz, and 1.8 GHz
respectively. All eye diagrams show time-averaged traces captured with a high
bandwidth digitizing oscilloscope.

The eye closure at 1.8 GHz symbol rate appears to result from the
bandwidth limitation of the laser diode (Figure 5.29) and the distortion present in
the input four-level signal (Figure 5.25). For other symbol rates up to 1.5 GHz, the
four level signal retains open eyes after switching with some eye closure visible. it
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Figure 5.28 Switched multilevel signal at output of optoelectronic switch
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is anticipated that with suitable broadband lasers and receivers, better results can
be achieved at higher bit rates. For a 10 GHz channel bandwidth, a data
throughput of 20 Gbps per port should be possible with the use of four level

signalling in the optoelectronic switch.



6. Optoelectronic Signal Processing

Broadband signal processing can be accomplished using optoelectronic
structures with the elements present in the prototype switch reported in this work.
Fibre delay lines and switched metal-semiconductor-metal (MSM) photodetectors
used to realize filter coefficients, can implement fully tunéble finite impulse
response (FIR) and infinite impulse response (IR) structures. This chapter
presents results for FIR and IIR signal processing structures synthesized with the
optoelectronic switch. The application of such filter structures to equalization of

modal dispersion in multimode fibres is described, and an eightfold improvement

with the implementation.

6.1 Optoelectronic Signal Processors
6.1.1 Discrete time processor

Controlled detection of intensity modulated optical signals with appropriate
delays can provide a delay-and-weight function for an input signal while
photocurrent addition provides the summing function required for canonical

discrete time signal processors. Implementation of a 16-tap finite impulse

in [105, 108, 107]. [4] extends the concept by demonstrating elementary discrete
time processors realized with hardware available in the optoelectronic switch
matrix. Optoelectronic discrete time processors were introduced in section 2.4.1 .

Basic elements to demonstrate a discrete time signal processor were
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incorporated in the optoelectronic switch to permit demonstration of signal
processing features. These consist of continuously tunable bipolar photodetector
bias and a set of delay lines. The bias to each of the 100 photodetector
crosspoints is set via an analog to digital converter which allows either negative or
positive bias to be applied with fine resolution (2mV steps, -5.000 to 4.998 v),

allowing essentially continuous, bipolar control over the crosspoint sensitivities.

A two dimensional matrix of controlled photodetectors with optical signal
distributed to them row-wise, and photocurrent summation column-wise provides
the inner product operation among a vector of broadband signals and the matrix

of weights set by the photodetector array (Figure 6.1). A similar structure can be

(O MSM photodetector (crosspoint) o

Figure 6.1 Matrix-vector multiplication operation with optoelectronic crossbar switch
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used as a basic device for a broadband neural processor [108] and an
optoelectronic neural device has since been implemented at low bandwidth [109].

The input signals (electronic) are converted to optical domain to be
distributed over fibres in the matrix. Each incoming signal is split and distributed to
ten photodetectors (each row), and the output of each column is summed to
provide the weighted contribution W;S;, where S; is the vector of input signals.
The output vector (§jthus provides the vector-matrix product:

10
C"j = Z IN'J S’- i=1,2....10 Eqn 6.1
i=1

where Wj; is the coefficient in ith row and jth column of the matrix of

crosspoints.
6.1.3 Generalized discrete time processor

The combination of a broadband matrix-vector multiplier with a set of fibre
delay lines, and reflex (feedback) connections [53] constitutes a general discrete
time signal processor [4] capable of implementing a wide variety of broadband
filters through electronic control of the photodetector bias voltages (Figure 6.2).

The input signals for the signal processing application traverse the same
path as in the switch application. The crosspoints in the processor matrix
implement an optoelectronic form of weight setting [108, 110] by means of setting
the bias on the photodetector. A Metal-Semiconductor-Metal detector is used to
provide the bias dependent, bipolar response to weight the intensity modulated
input signal. The photocurrent generated by the photodetector is dependent on

the incident optical power and the applied bias (see Figure 4.2). Since the MSM
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Figure 6.2 Generalized discrete time signal processor

photodetector provides bipolar, symmetric response with respect to the bias
voltage polarity, the photodetector can be used to provide tap weights in the digital
filter application. The bandwidth of the processor is limited by the transmitter to ~
1.25 GHz [7] , though the MSM photodetector is capable of producing transit time
limited response in the tens of GHz range [70]. The bias is tunable over the range
of -5.000 V to +4.998 V with a precision of 2 mV and provides variable bipolar tap
weights.

Semi-rigid coaxial cable is used to circulate the output electrical signals
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back to the input ports where they are converted to optical signals (Figure 6.2).

Delays in increments of 1 ns each (tap intervals) are introduced between the laser

optical delay medium with high bandwidth, low loss, low dispersion (~500 MHz-
km), high linearity (>80 dB fundamental dynamic range for a 10 GHz signal in a
200 m fibre length [111]), in addition to a propagation delay of ~5 pus/km. 1 ns
incremental delays result in a sampling frequency of 1 GHz. The free tuning range
of a transversal filter made with this device is thus 500 MHz, and up to 20 taps can

configuration (Figure 6.3).

6.2 Realization of Tunable Filters

The matrix arrangement shown in Figure 6.2 can be configured to realize a
20 tap FIR filter structure by setting crosspoints in the pattern shown in Figure 6.3.

The output signal is:
19

y(n) = Z a,- x(n-k) Eqn. 6.2
k=0
where ay are the filter coefficients and x(n-k) represents the input signal
delayed by k tap intervals.
The structure shown in Figure 6.3 is equivalent to a transversal FIR filter
(see Figure 2.8). The 10x10 switching matrix can implement a programmable (the

tap weights are computer controlled) FIR filter with up to 20 taps.
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Figure 6.3 FIR filter realization with optoelectronic matrix processor

Direct Form | as well as Direct Form 11 1R filters [112] can also be realized

with the matrix using the pattern of crosspoints turned OFF or ON as shown in

Figure 6.4.
For the Direct Form | configuration, the output is:
NE
-k
ayZ
= k=0
A2) = —=j— Eqn. 6.3
. =k
1+ b,z
k=1
: Ay By .
with ak=——-§ bkEE—‘; Na=7Nb27

In the second configuration (Direct Form i), the transfer function H(z) is
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The Direct Form | realization results in a higher order filter with a matrix of

given dimension as compared to the Direct Form Il realization.
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6.2.1a Bias dependent frequency response of crosspoints
The frequency response of a typical crosspoint in the switch matrix is

shown in Figure 6.5 for several bias voltages ranging from -0.004 V(lowermost
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i Y I e ity R 3.0v
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0 Frequency (GHz) 1.0

Figure 6.5 Measured MSM crosspoint frequency response for different bias voltages

trace) to 4.998 V. It is evident that reducing the bias causes the crosspoint
response to roll off more quickly at high frequency. This bias dependence of the
response is a characteristic of MSM photodetectors and is caused by the lack of
sufficient electric field to sweep out photogenerated charge carriers at low bias
voltages. In order to realize the given frequency response with the crosspoints in
the matrix signal processor, compensation for this roll off is necessary. This
compensation may be provided through automatic adjustment of the tap weights
by an adaptation algorithm that can optimally calculate the compensated tap

weights for the given response by accounting for the crosspoint roll off as shown
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schematically in Figure 6.6. The Recursive Least Squares - RLS algorithm [113,

ideal
1 filter "
£ R
x(n) adaptive h(n) crosspoint
"  diter [ roll-offﬁmdél
/ __e(n)=d(n) - y(n)

Figure 6.6 Adaptive calculation of filter coefficients

114, 115] was used in this case. The roll off was modeled using a simple

piecewise linear approach as shown in Figure 6.7.
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LI L TTTOTIY S DRI P PITP PRS-

0 Freq‘uench (ész 1.0

Figure 6.7 Modelled MSM crosspoint frequency response
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A simulated example of the response obtained with an adaptive bias

compensated design is shown in Figure 6.8. The uncompensated response

= compensated

- — ideal

=——— uncompensated

0 “Frequency (GHz) . 1.0

Figure 6.8 Compensated frequency response

(dotted line) falls off rapidly after ~300 MHz. The simulated filter response with
bias-compensation (solid line) closely follows the ideal response (dashed line) till
500 MHz (Nyquist frequency since sampling rate is 1 GHz).

6.2.1b Results
A 9 tap configuration was used to implement bias-compensated, tunable

optoelectronic FIR filters. The simulated results with ideal coefficients (no error, no
frequency dependence) and the experimentally obtained results with the matrix
processor realization of the programmable digital FIR filter are shown in Figure
6.9 (a) and (b). A comprehensive summary of filter responses realized with the
matrix processor can be found in [116].

The experimental results show that a tunable filter response can be
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Figure 6.9 Measured and modelled tunable FIR filter frequency response

achieved with the matrix processor up to 500 MHz. Compensation was optimized
for the 0-500 MHz region. Computer control of the coefficients allows rapid
reconfiguration of the filter response as no hardware components need to be
changed to implement a different frequency response.

IR filter structures provide sharper cutoff in the shape of the response than
an FIR filter of the same order [112], therefore they can be advantageous in that
they require fewer elements to achieve high rejection. However, the IIR

configuration is potentially unstable, and the range of element coefficients that
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can be used may be reduced.

The IR implementation using the matrix-processor is more complex than
the FIR structures. The main limitation is that the ‘0 delay’ feedback necessary in
IIR configurations (Figure 6.4) cannot be achieved in reality. As a consequence,
the unit delay can be no less than the minimum propagation delay through the
processor. Accounting for the optical fibre delay lines (1 ns to 10 ns inclusive) and
the electronic components at different ports, this loop delay was calculated to be
~16 ns. A simple single resonant loop was implemented to measure this delay
from the frequency separation of the resonances (see Appendix E). A possible IIR

configuration is given in Figure 6.10. The delays shown on left side of the diagram
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Figure 6.10 Possible liR configuration with the optoelectronic switch

represent the total delay for each path which is given by the loop delay (16 ns)
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plus the fibre delay lines in that path. The output would be given by the following

expression:

HoKoAoX (1= 2T) + HyK A X (1-8T) + + HoK, A x(1-9T) +

f) = _
v Byy(t=T) + KyBoy(t-2T) + +K,Bgy(t-97) Eqn. 6.4

where the frequency response is given by:
Na

Yas
H(z) = k=0 Hyz” Eqn. 6.5

1+ z bkz"k

k=1

with:
ay= KA. by, = -K,_,B, except, b, =-B, (N,=7.N,=9)

This configuration (Figure 6.10) could be used to implement an IIR filter
with 8 coefficients in the numerator and 10 in the denominator. With a value of 16

ns for the loop delay, the filter would work at a sampling rate of 62.5 MHz.

6.2.2 Equalization of modal dispersion

Signals transmitted through multimode optical fibres propagate via different
modes through the length of the fibre. As each mode of propagation has a
different group velocity, the signals in different modes will have different
propagation delays. Consequently received signals will be dispersed in time. The
effect of dispersion is to limit the information capacity since high rate data pulses
are ‘smeared’ into adjacent data pulses by dispersion [69, 117, 118]. To combat
the resultant intersymbol interference, a tunable filter can be used at the receiver
to compensate for the channel distortion. Such filters are called ‘equalizers’ and
are preferably tunable so that the same: filter structure can be employed for
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different channel characteristics. In the case of fibre channels, this situation would
arise when different lengths of fibres are used for various links. When such a
tunable filter is used along with an adaptation algorithm to help adjust the filter
coefficients in a continuous manner, the filter structure is called an adaptive
equalizer. Adaptive filters are useful where the channel distortion effects are not
known beforehand, and also where the channel frequency response may vary
with time [119].

For high data rates (>1 Gbps), such tunable filters are complex to
implement since they must be tuned over the bandwidth of the information signal
(~GHz or more). Tunable optoelectronic broadband filters, such as the ones
described in the earlier sections, may be used as adaptive equalizers to help
combat modal dispersion.

Equalization of multimode fibre dispersion by using MSM photodetector
based filter structures has been previously suggested to improve the bandwidth
distance product [120].The required frequency response of the filter depends on
the amount of dispersion to be compensated which in turn depends on the length
of the fibre link. The optimum frequency response to compensate for such
dispersion is an exact complex inverse of the channel impulse response [113,
119]. Figure 6.11 shows a schematic of the simulations system used to calculate
the adaptive filter coefficients for various cases.

In the system shown in Figure 6.11, the input signal (delayed to match the
propagation delay through the channel and filter) is used to calculate the errcr

signal which is the difference between the undistorted signal and the distorted
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Figure 6.11 Schematic of the equalization simulation system

signal. The error signal e(n) is used at each calculation step to recursively
compute the filter coefficients using the RLS algorithm [113, 114, 115]. The
impulse response h(t) of the fibre channel used in the simulations is given in
Appendix E.

The matrix processor (FIR configuration) working with an adaptation
algorithm can implement such a structure. for high data rates (1 Gbps and above)
to extend the bandwidth-distance product. The Recursive Least Squares (RLS)
algorithm is used to calculate the optimal filter that will compensate for the
channel distortion. The RLS algorithm is chosen since it converges to a lower
mean-squared error (MSE), and requires fewer iterations for the filter as

compared to other algorithms (such as the Least Mean Squares - LMS algorithm)

by increasing the number of adjustable tap weights in the adaptive filter, so the

response of this filter closely matches the inverse of the channel response [113].
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Equalization performance for 19 tap and 9 tap adaptive FIR filters was
calculated for fibre lengths ranging from 1 km to 8 km at a data rate of 1 Gbps.

Figure 6.12 (a) shows the simulated eye diagram of the distorted signal

~ T symbols 00  symbos 20

fibre length = 4 km fibre length = 4 km
(a) received signal without equalization (b) equalized signal with 19 tap filter

60 Zymbos X

fibre length = 4 km fibre length = 8 km
(c) equalized signal with 9 tap filter (d) equalized signal with 19 tap filter

Figure 6.12 Signal eye diagrams for equalization
received after transmission through 4 km of multimode fibre. The eye is

completely closed due to the dispersion in the channel. The equalized response

obtained with 19 tap and 9 tap filters operating on the distorted signal is shown in



Figure 6.12 (b) and (c) respectively. Figure 6.12 (d) shows a 19 tap filter with an 8
km fibre channel lengtn.

Experirnental confirmation of the filter response required to equalize for 4
km of dispersive multimode fibre is shown in Figure 6.13 which shows the
response of the ideal equalizing filter as well as calculated and measured 9 tap

FIR filter responses for comparison.

L T ¥ T T T T T

10 dB/div |

dB b ......... .....

—o— implemented 9 tap filter-
i —— calculated 9 tap filter
"7 === ideal equalizing filter

00 #reqhenc'y (G;Hz)’ 05
Figure 6.13 Equalizing filter response implementation

Optoelectronic techniques for implementing tunable filters show promise,
although bias dependent behaviour of the MSM photodetector crosspoints
potentially limits the use of the technique to frequencies below the 3 dB bandwidth
of the photodetector. Improvements in device design are required to permit
greater bandwidths at low bias voltages so that optoelectronic signal processors

may be implemented which use the full bandwidth of MSM photodetectors.
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7. Broadband Optoelectronic Switches in
Network Restoration

Broadband switching mechanisms are integral to the methods used for
restoring services in telecommunication networks when a failure of equipment or
a fibre channel occurs. The use of the optoelectronic switches to perform
restoration switching is proposed in this chapter. Restoration techniques which
can utilize optoelectronic switches to ensure dynamic reconfiguration of the
network facilities are described. A case study using a sample network is
presented to help compare optoelectronic restoration methods with restoration
based on optical switching. Optical networks employing wavelength division
multiplexing (WDM) to increase the capacity form another area of application for
broadband optoelectronic switches for restoration as well as routing. The last
section in this chapter presents proposals outlining the use of optoelectronic

switching in WDM networks.

7.1 Network Restoration

High capacity fibre optic telecommunication technologies provide muilti-
gigabit links on each fibre in each cable between transmission and receiving
equipment at the nodes in a network. However, this capability to transmit many
low rate constituent channels multiplexed to a higher rate on each link also makes
the network highly vulnerable to major failures as the potential loss of a single link
affects a large number of channels. For example, a single OC-48 data rate (2.488

Gbps) link contains 32,256 telephone voice channels. Since a number of
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important services can be disrupted due to failure at a single point in the network,
dynamic methods are necessary to help restore services as soon as possible. In
addition to loss of revenue from the dropped calls, the traffic loads in the rest of
the network may also be affected. The access nodes adjacent to the failure point
can experience heavy loads as a large number of disconnected subscribers
attempt to reconnect to the network in a short period of time immediately following

the failure [121].

7.1.1 SONET network restoration
With the introduction of SONET standard rates and formats for broadband

optical transmission, dynamic restoration methods can be implemented [19, 122,
123] which utilize spare capacity in the transmission links controlled by the

switching equipment in the nodes. The required switching equipment to

Connect system (DCS). A DCS in a SONET network is capable of routing
incoming data traffic according to information embedded in the signal overhead
which contains routing information in additon to OAM&P (operations,
administration, maintenance, & provisioning) information. The control information
for routing purposes may also be contained in separate data channels which
interlink the control equipment at various nodes in a network. A DCS based
restoration scenario is shown in Figure 7.1. In case of a link failure, the affected

traffic is re-routed through node ‘D’ if sufficient capacity is available on links A-D

cross-connects the affected traffic on to various transmission links.
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Figure 7.1 Digital cross-connect system (DCS) based network restoration

7.1.1a Self healing rings
Service restoration in a SONET network can also be performed using self-

healing ring (SHR) techniques [124, 125]. A ring network utilizes a group of nodes
within the network to form closed loops in which each node is connected to the
adjacent nodes through a full duplex link (Figure 7.2). In fibre networks, this
implies the use of a spare fibre (protection fibre) for each working fibre span as
shown in Figure 7.2. In the event of a fibre span failure, the node equipment (ADM
- add/drop multiplexers) routes affected traffic onto protection fibres. ADMs
consist of optical transceiver interfaces to fibres in addition to the electrical
multiplexing equipment required to add or drop the required traffic at the node
(signals originating from the local node are ‘added’ to signal stream, and signals
terminating at that node are ‘dropped’ from signal streams crossing the node).
Since a protection fibre path (‘P’ in Figure 7.2) is available for each working fibre
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Figure 7.2 Self-healing ‘ring’ restoration in SONET networks

link ("W’), optical switches of 1x2 and 2x2 sizes are required to perform the
required switching in event of a fibre failure [126]. The 1x2 switches can help
direct the traffic from the failed ‘W’ fibre link on to the protection fibre link ‘P’ at any
node.

As a number of technologies are available (section 2.2) for providing
broadband switches of 1x2, 2x2 dimensions, optoelectronic switches are not
considered suitable for self-healing rings employing 1:1 fibre protection (one
protection path exists for each working path). However, for 1:N fibre protection
strategies where only one protection fibre path is available for N working fibre

paths, broadband optoelectronic switches can be used to perform the required
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Figure 7.3 1:N Protection ring arrangement with optoelectronic switch,
1 protection fibre link is available for N working fibre links

For DCS based networks (known as Mesh networks), required switch sizes
are large (up to 16x16 or more). Optical switches of this size are difficult to make
with the required speed, loss, and cost. The use of optoelectronic switches is

proposed here to help implement efficient restoration techniques.

7.2 Optoelectronic Switching for Network Restoration

7.2.1 SONET cross-connect system
A digital cross-connect system used in SONET networks terminates digital
signals and cross-connects the constituent time division multiplexed channels

according to the ‘routing map’ stored in the controller. Functions performed by a
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DCS may include: signal add-drop (signals originating from the local node are
‘added’ to signal stream, and signals terminating at that node are ‘dropped’ from
the signal streams crossing the node), signal cross-connect, and multiplexing, de-
multiplexing [127). Broadband DCS (B-DCS) in SONET provides cross
connections at the basic 51.84 Mbps data rate which is designated as
Synchronous Transport Signal Level-1 or STS-1. The B-DCS therefore includes
all (de) multiplexing functions required to interface with STS-N rate signals
(current networks employ up to STS-48 data rates). The OC-48 (optical carrier
level-48) signal carries the equivalent of 48 STS-1 signals as a single STS-48
signal. In general, OC-N signal levels refer to the corresponding STS-N level of
data traffic being transported, though standard OC-N levels are defined at OC-3,
12, 48, and 192 only. According to Bellcore standards, the cross-connect needs to
be non-blocking (see section 2.1.1), and must switch in less than 50 msec [127,
128].

The primary function of the DCS is to provide two way cross-connection of
various STS-n rate signals. Since the switching matrices employed in the
equipment are electronic, existing B-DCSs cross-connect at a single fixed data
rate. Figure 7.4 shows a schematic view of the SONET DCS after [127]. The
incoming signals (shown on left side of the figure) are at the SONET standard
data rates OC-N. After an optical-to-electronic conversion, these signals are split
into the constituent signal levels by the demultiplexers (DMUX). The cross-
connect matrix is used to perform the required routing of signals (at a fixed rate

STS-N) and then the signals are multiplexes “MUX) together to form the higher bit
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Figure 7.4 A SCNET Digital Cross-connect System

rate OC-N signals which are transmitted as optical signals.

7.2.1a All optical cross-connects (OCX)
Switches with optical input and output signals may also be used to perform

cross-connection of high bit rate optical data streams. Such switches can then be
used in conjunction with conventional DCS equipment which provide the
(de)multiplexing and add-drop capabilities. Additional equipment in the form of
optical amplifiers and 1x2 switches is required in such cases since optical data

streams are routed without signal re-generation [126]. Figure 7.5 shows an

146



example of an optical cross-connect (OCX) swit:::h used with a DCS.

DLE_EN . — 7optjc:él P —_L » DQ‘IN
) — Switch -

— 7 | OC-N

o DCS .

1 ~— 1x2 switches —P—  optical amplifier

Figure 7.5 Optical cross-connect (OCX) system

7.2.2 Broadband optoelectronic cross-connect (B-OECS)

The optoelectronic switch matrix provides a capability to cross-connect
analog signals and digital signals at any rate up to the maximum supported by the
switch (2.488 Gbps in the prototype). The variable bandwidth and format
insensitive features of the broadband switch can enhance the capabilities of a
DCS and make it possible to implement a cross-connect system for various data

147



rates and formats with the same hardware. Figure 7.6 shows the proposed
broadband optoelectronic cross-connect system which is capable of handling
analog signals in addition to any data rate between STS-1 and STS-48 at any

given time at any port. Since any data rate (SONET standard STS-x or otherwise)

Controller

(STSX) l ,,
oeN __sTS 24 ~ TS OCN

* MUX +
Mo )

STS-3

local traffic local traffic

Figure 7.6 Broadband Optoelectronic DCS
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can be used, a natural transition is possible to any other transmission standard

including the new packet based ATM transport and routing architecture. The B
OECS fulfils all the requirements for ATM cross-connect switches, where the key
requirement is the need to handle various bandwidths and rates in a uniform

manner using the same hardware [129, 130]. The B-OECS would allow a fully

same time permit the use of any other signal format if so desired. For evolution
from SONET to ATM based transport networks, the B-OECS can continue to

support legacy and analog signals because the cross-connect is transparent to

suggest a use in gateway applications to international networks.

In addition to these properties, the B-OECS can switch at extremely fast
rates limited only by the controlier speed (Appendix G). The crosspoints are
capable of switching in less than 10 ns [2]. Since electronic components are
available for >100 MHz speeds, the Bellcore objective of 50 msec switching time

[128] for the matrix can be easily accomplished in the switch fabric.

7.2.3a ‘Bundled’ restoration
DCS based mesh networks can be designed to be fully restorable in the

case of a fibre link failure by introducing redundancy in the transmission link
capacity and node switching equipment. Spare capacity is provided in form of
spare fibres in the transmission links (‘dark’ fibre) or through providing higher

capacity transceivers than needed, e.g, a STS-48 capacity may be installed
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where only STS-24 units of traffic are present. A part of that capacity - STS-24
units, is available as spare capacity. Corresponding extra ports and (de)
multiplexing equipment is required in the cross-connect systems as well (see
Figure 7.4) to help implement a survivable network. In B-DCS based networks,
the switch matrix cross-connects STS-1 rate (51.84 Mbps) signals [127, 131].
Thus, the redundancy required is also provided at the STS-1 signal rate which is
the lowest standard transport signal rate in the SONET standard. Consequently, a
larger number of ports are required in the (de) mux equipment as well as the
switch matrix. For example, 48 STS-1 ports are required to provide a single OC-
48 rate redundant path.

With broadband optoelectronic switch based cross-connect systems, data
rates ranging from STS-1 to STS-48 are available at each port. Thus redundant
ports required for restoration purposes can be provided at any rate. Therefore the
optoelectronic switch matrix can be used with a variety of (de) mux equipment that
may be required and this equipment may be changed or upgraded without
requiring any changes in the switch matrix. In the case of restoration with
optoelectronic cross-connects, the broadband payloads can be interconnected at
any rate (STS-x) instead of STS-1 rate. Figure 7.7 illustrates the use of a bit rate
independent optoelectronic switch in the network restoration application. In the
a failure, and the lost traffic is routed via nodes C and D where STS-24 units of
spare capacity each are assumed to be available (indicated as ‘(24)’ in the

diagram). A schematic view of the broadband switching capability required at
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Figure 7.7 Optoelectronic switch in network restoration
node A is shown in Figure 7.7 (b). The incoming traffic from node S (OC-48 or
STS-48) is demultiplexed only down to STS-24 rate and switched on to the
outgoing links AC and AD which have the required spare capacity.
In addition to the ability to switch broadband fractions of the lost traffic

(STS-24 in this case), efficient algorithms are required to compute the paths
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available to achieve service restoration. Design of such algorithms is an advanced
research field [19, 20, 21, 132, 133, 1 34]. The focus of this work is on the
hardware or physical layer switches required for efficient implementation of such
algorithms.

Extending the previous example by considering capabilities offered by the
optoelectronic switch, STS-x (1 < x < 48) rate data channels can be considered to

be bundled together for the purposes of restoration (Figure 7.8). The capability to

- MWX
OC-N — @ (5* | STS-x ] @ OC-N

Figure 7.8 Variable rate optoelectronic cross-connect switch

switch bundied channels STS-x, whére X’ may be different at different nodes in a
network, provides a physical layer equivalent of a particular class of network
restoration algorithms [131, 135, 136]. These algorithms provide efficient means
of allecating and managing bundled spare capacity over other methods which
may consider STS-1 rate traffic and cross-connect equipment [135].

Optoelectronic switch based cross-connect systems provide ideal platforms for
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implementing bundled demand restoration algorithms. This particular application
makes full use of the format and bit rate transparency in combination with
electrical inputs and outputs available in the optoelectronic switches. No other
switching technique provides this form of transparency for broadband signals. The
highest bandwidth in commercially available electronic analog crosspoint
switches which can provide such transparency is 300 MHz [137].

7.2.3b Link restoration

The broadband capabilities of the optoelectronic switch can also be used to
cross-connect full rate (OC-N) data transport streams to provide network
restoration facilities when spare fibre paths are available. In this case, the data
channel affected by a link failure can be routed to another fibre path at the output

as shown in Figure 7.9. This technique also provides extra protection for the laser

OC-N

OC-N

optoelectronic switch

PC - passive optical combiner
Figure 7.9 Optoelectronic cross-connects with protection for Laser transmitters

transmitters at the output as shown in Figure 7.9. The broadband electronic data
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streams can be routed to either transmitter (A or B) in the event of a transmitter
failure. Note that if optical switches are to be used in a similar role, protection
against laser transmitters is not possible.

In the next section, a sample metropolitan network [138] is used to
demonstrate that the optoelectronic switching based cross-connect approach will
require switches of comparable sizes to the optical switches required for
restoration. In general, it is easier to make optoelectronic switches of large sizes

than optical switch matrices of the same size.

7.3 A Case Study

The model network, called Bellcore Metropolitan Network-] has been
frequently used to evaluate the benefits of restoration strategies [19, 20, 21, 126,
131, 133] since initial disclosure by Bellcore [138]. A schematic -cf the network,
along with the transmission capacities on every link, is shown in Figure 7.10. The
source and terminating nodes for each constituent traffic demand (called point-to-
point demand map) for the network is given in Appendix F. From the working
capacities (in STS-1 units) indicated on the map of the network and the point-to-
point demand map, traffic demand to be cross-connected at each node can be
calculated along with the traffic originating or terminating at that node which does
not need to be cross-connected. The details of the traffic for each node are also
given in Appendix F.

Table 7.1 presents the break up of the total demand at each node in the

network in terms of originating/terminating traffic and cross-connected traffic.
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Figure 7.10 Bellcore metropolitan network-|
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Table 7.1 Bellcore metropolitan network-I: traffic at each node.

terminating at Node at Node ' !
N 0 a4 ‘None | a4
1 88 ) 56 T 144
2 T s ~ None T s
3 | 72 T 4 7 12
4 1T ~ Nome 28
5 108 84 192
B 6 108 T 136
7 52 | 508 560 )
8 T e [ Neme | 1
9 108 | s80 488
10 380 216 | 596
N 52 | Neme | 52
12 2 None T e
13 2 T 1e0 252
14 ) 236 ) 56 202

Atter the demands have been separated into cross-connected demands
and originating/terminating demands as shown in Table 7.1, requirements for the
number of cross-connected streams at any node can be calculated. The r.umber
of data streams to be cross-connected corresponds to the number of ports
required in the cross-connect switch at that node as long as the data stream
carries less than STS-48 units of traffic (maximum capacity per port for the
optoelectronic switch). For data streams with more than STS-48 units, the number
of ports is calculated by splitting the data stream into sections of STS-48 each.
Following these calculations (see Appendix F), the cross-connect size required at
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each node is given in Table 7.2. Note that optical crosspoint switches operate at

switch required if that data rate exceeds 2.488 Gbps.

Table 7.2 Cross-connect switch sizes

:I‘étal Deméﬁﬁ é;ﬁnSSgGﬁ;ﬁEEE
(to be cross- Size (assuming
connected) 2.488 Gbps

STS-1 units max)

Optical switeh
cross-connect
size

Naone None None

56 ' 6x6 6X6

None None None

40 2x2 2x2

None None None

84 2x2 2x2

28 ’ 2x2 2x2

508 ' 20 x 20 18 x 18

None None None

380 10x 10 4x4

10 216 8x8 6 X6

11 None 7 None - Néﬁe

12 None Nc}ﬁé ' None

13 160 12x 12  12x12

i4 56 6x6 . 6x6

It is seen that the matrix sizes required with optoelectronic cross-connect
are identical to the switch sizes required for optical switch based cross-connect
systems for 6 out of the 9 nodes which require cross-connect elements. For two
other nodes (node number 7 and 10), the size required is only 2 ports more than

the optical equivalent, and only for one node in the network does the size required



show a large difference (node number 9). The only optical switching technology
capable of providing the required switch dimensions is opto-mechanical switching,

but the switching times are too slow to be useful in dynamic reconfiguration (of the

viable solution. It should be noted that optoelectronic switch capabilities in future

may extend to higher bit rates than OC-48 (2.488 Gbps).

7.4 WDM Networks

Wavelength division multiplexing techniques are used to transmit a number
of optical wavelengths on the same fibre, each with its own broadband data
payload to increase the capacity of the optical fibre networks. WDM networks
currently being used in research test beds carry up to 10 Gbps or more on each
wavelength [139]. The bit rate and format transparency of the optoelectronic
switch can be used to perform a number of useful switching functions required in
a WDM network (see Appendix H).

Optoelectronic switches in conjunction with commercially available optical
wavelength multiplexers and demultiplexers [140] may be used to perform
wavelength switching as shown in Figure 7.11. A data channel at any incoming
wavelength can be converted to another wavelength by first separating the
wavelengths with the help of an optical demultiplexer, and then switching the

information carried to any outgoing port with the help of the optoelectronic switch,
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optoelectronic switch

(de) mux are optical wavelength (de) multiplexers

Figure 7.11 Optoelectronic switch as a wavelength routing switch
(optical-to-electronic conversion elements are not shown)

Laser transmitters placed at the output of the switch can then provids the required
optical signal at the desired wavelength, and optical multiplexers can be used to
couple the different wavelengths at the outputs into a single optical fibre. Similar
techniques of optoelectronic wavelength conversion in WDM networks have been
shown to results in a higher capacity network as compared to one with optical
switches performing cross-connection of wavelengths [37, 39). These techniques
require the use of broadband electronic switches to switch the data after
wavelength separation and conversion to electronic form [141]. It should be noted
with sufficient bandwidth to handle the data streams. In optoelectronic switching,

where the routing is achieved through the optical-to-electronic conversion



process, no such additional electronic switching stage is required. The bandwidth
is only limited by the conversion process, and not the switching stage.

The WDM routing capability may be effectively used in network restoration
methods based on WDM techniques where the spare capacity on the links is

provided in the form of discrete wavelengths on the same fibre. Figure 7.12 shows

As-ac
y /

A‘SiAD

As-xy - denotes spare capacity wavelengths between nodes X and Y

rigure 7.12 WDM based spare capacity in a network

a schematic view of a WDM network where spare transmission capacity in the

failure. In the example shownr here, the traffic lost between nodes A and B (A -
An) is re-routed through links A-C and A-D over spare wavelengths A.

To perform dynamic reconfiguration of wavelengths in a WDM network,
wavelength conversion and routing functions would be required at node A to
transfer the traffic affected by the link failure on to wavelengths reserved for
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restoration on other links. A detailed schematic view of the optoelectronic switch
in such a role corresponding to the link failure shown in Figure 7.12 is shown in

Figure 7.13.

)\'1’ 1212“3!;\'4 7 —_ — _ - j - ] 3-51 y ?\Sgian
——————{demux . _ . mux b— _
from S - — - toC
An

toD

i i I VA YO

B in the scenario shown in Figure 7.12 is routed through the optoelectronic switch

to the laser transmitters at the respective output ports. Wavelengths Ag1 & Agp ON

link A-D carry the data previously on A3, A4 on A-B. Similar routing using spare
wavelengths A¢ g and A¢ pg can be carried out on links C-B and D-B respectively
as illustrated in Figure 7.12,

The optoelectronic switch in this case is used in a similar manner to DCS
based restoration except that the (de) multiplexing mechanisms are optical.
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These (de) multiplexers (separate) combine the wavelengths., Since the
optoelectronic switch is transparent to the data carried, any format or bit rate may
be transported and cross-connected through the optoelectronic switch in the
WDM network.

The optoelectronic switching techniques thus provide a single technology
solution to a variety of network architecture ranging from DCS based SONET

networks to WDM networks.
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8. Conclusions and Recommendations

In conclusion, a summary of the project is presented which focuses on
salient features of the prototype switch, and a brief description of results obtained
for digital and analog signals follows. Conclusions are drawn from the issues
encountered in the course of the project.

The broadband, format-transparent signal routing capabilities
demonstrated with the prototype switch provides impetus for developing a next
generation of optoelectronic switches employing fabrication techniques more
suitable to manufacturing. Optoelectronic switching is compared to other optical
switching techniques for these applications. Benefits and unique features
demonstrated with the prototype switch are pointed out to identify new directions

in optoelectronic switch development driven by these niche applications.

8.1 Project Summary

A brief description of the design and construction of the prototype is
presented here as an overview of the project and to help formulate
recommendations for future work. A brief summary of results demonstrated with

the prototype is also included to permit evaluation of some key applications for

8.1.1 Prototype construction

A 10x10 prototype crosspoint matrix switch was constructed to implement
optoelectronic ‘broadcast and select' techniques for routing and processing of
broadband signals. This prototype switch used low cost laser diodes
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(manufactured for compact disc players) which served as transmitters for
broadcast of input signal to all output ports in the switch. The microwave bias-tee
circuit in the laser transmitters was redesigned to achieve 1.25 GHz bandwidth for
each signal path in the switch. Signal distribution in the prototype is accomplished
with multimode fibres terminated in a silicon v-groove fibre holder which contains
ten fibres with cleaved facets. Each group of ten fibres provides optical signals
which are incident on a MSM photodetector array. The MSM array chip is placed
on a suitable substrate (TMM-3™) that is designed to support surface-mounted
component based de-coupling and bias circuitry. A 50 Q (characteristic
impedance) microstrip transmission line is provided on the substrate to carry the
output signal from the MSM array to the output port through the amplifier chain. A
precision machined housing for the substrate was designed and fabricated that
provides support for the v-groove fibre assembly as well. The optoelectronic
receiver modules were also used for extensive tests on conventional designs of
MSM arrays to characterize the frequency response of photodetectors. Position
dependent frequency response, limited to a few GHz, of the conventional arrays
was discovered as a result of these tests. New designs were produced to help
overcome these limitations.

The completed prototype was put through extensive tests and results from
these tests were reported in Chapter 5 and 6. In September 1995, a leading
manufacturer of optical components and switches signed an agreement to
evaluate commercial potential for the optoelectronic switching technology. The

prototype switch underwent further tests at the manufacturer's premises under the
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author's supervision and advanced network applications of optoelectronic
switches were explored as part of the agreement. The prototype switch was then

successfully demonstrated at Telecom ‘95 in Geneva, Switzerland, from October

Pavilion, Telecom ‘95, Geneva.

3 to 11, 1995 (Figure 8.1). Telecom ‘95 was the largest exposition of

telecommunication industry to date and helped gain invaluable exposure for the

8.1.2 Summary of results

Broadband signals of various formats were used to characterize the
performance, and demonstrate the capabilities of the prototype optoelectronic
OFF ratio of more than 60 dB. The crosstalk experienced by signal traversing the

optoelectronic switch was shown to be less than 60 dB. Binary digital signals
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ranging from 622 Mbps to 2.5 Gbps were successfully transmitted through the
switch. The prototype was also used to perform routing of analog video signals.
Performance of the switch for routing a composite payload consisting of 42 CATV
video carrier frequencies was characterized.

Complete format transparent switching capability was demonstrated with
simultaneous routing of a 2.5 Gbps data signal and a standard NTSC video
channel through the prototype switch.

Spectrally efficient modulation for photonic interconnects was proposed
and demonstrated with the help of four level signals. Data throughput for each
port in the prototype may be improved up to 3.6 Gbps with the use of four-level
data at a symbol rate of 1.8 GHz.

Broadband signal processing capabilities of the optoelectronic crosspoint

8.1.3 Recommendations for future work
The lessons learnt in the process of designing and fabrication of the first

10x10 prototype switch may be applied to further development of the switching

considered to consist of three sub-systems:
Laser transmitters

Optoelectronic receiver module
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8.1.3a Laser transmitters

The function of a laser transmitter module is to accept a broadband

electrical signal and deliver the corresponding optical signal to the signal

compact-disc player applications sufficed for obtaining 1.25 GHz bandwidth.
However, package parasitics must be carefully avoided or eliminated to achieve
bandwidths of the order of 10 GHz and above. Directly driven lasers with a bias-
are required to obtain sufficient bandwidth without being limited by package
parasitics elements.

The signal distribution section consists of 1xN optical splitters to divide the
signal from each input port for distribution to the N output ports. The outputs from
each splitter then need to be ‘shuffled’ such that each output port receives one
signal from every input port. In the prototype switch, this signal shuffle is
accomplished through separate fibres (100 fibres with connectors in the 10x10
switch). This approach, though simple to envisage, is cost and labour intensive in
its execution as N2 connectors and fibres are required for a NxN switch. For the
explored in the high speed switching research group at TRLabs and University of
Alberta which utilize hybrid integrated polymer waveguides [15], and free space
optical beam distribution methods [90, 92, 92].

In addition to these promising initiatives, a simple fibre-ribbon based
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Figure 8.2 A fibre-ribbon based optical signal distribution moctile

can be separated into individual fibres. One fibre from each input ribbon is taken
and the group of fibrés is ‘reformed’ into a ribbon with the help of & ribbon-forming
tool. Such tools are available commercially as accessories for ribbon splicing
machines [142). Placing fibres into ribbons is advantageous since a single

connector can be used with each ribbon, which reduces the number of connectors
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required and makes the management of the resuitant 2N fibre-ribbons (compared

to N2 individual fibres) in optoelectronic switches much easier. Standard fibre-

alignment to photodetector arrays easier as well.
Thus a complete NxN, connectorized fibre-shuffle module can be

receiver modules.
8.1.3c Optoelectronic receiver module

The optoelectronic module designed for the prototype switch successfuily
combines the required DC bias circuits and RF output sections for the MSM
photodetector array, while providing a simple optical assembly and ease of
alignment. Other methods of coupling light to the MSM photodetectors that use
polymer waveguides with out of plane taps are under investigation [91]. These

approaches can potentially provide a planar package for the optoelectronic

the photodetectors will provide better noise performance (higher sensitivity,
dynamic range) than the 50 Q input impedance amplifiers used in the prototype

switch and may be incorporated into future designs.

8.1.4 Hybrid integrated tunable receivers
Broadband MSM photodetector arrays used in conjunction with optical
means of separating the wavelengths in a WDM system can provide convenient

means of selecting the wavelength to be received (see section 4.6, Figure 4.35).
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Mature research projects are in progress at University of Alberta and TRLabs
regarding WDM components [143]. Hybrid integration of these components with
MSM arrays on a common suitable substrate may be explored to provide low cost
tunable receivers operating at more than 2.5 Gbps per channel with 8 or more
channels. Each optoelectronic receiver module of the current prototype switch in
fact implements the signal selection function. A discrete component based, high
capacity (2.5 Gbps per port) tunable receiver can be demonstrated with an
appropriate fibre pigtailed wavelength demultiplexer such as the one reported in

[143], used with the module.

8.2 Broadband Switching: Applications and Options

Engineering research projects need to be closely coupled to their
applications while advancing the capabilities of the technology under
development to enable and facilitate still newer applications. Optoelectronic
switching has been shown to be suitable for fulfilling the requirements for routing
mechanisms needed in diverse applications. The areas where optoelectronic
switching may find applications range from short distance photonic interconnects
to telecommunication network cross-connect systems. A summary of the
suitability of optoelectronic switching to these applications follows along with
some comments on other technologies available for switching of photonic

broadband signals.

8.2.1 Applications for broadband switching

Conventional applications of broadband switches have been in the area of
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long distance telecommunication networks since the data signals in a majority of

recent proliferation of high péﬁarmgnce computers has created a demand for very
high rate interconnections among these computers. This area is comparatively
new and is growing faster than the traditional telecommunication network areas.
Data rates in such networks have increased from ~2 Mbps (Ethernet) to =1 Gbps

(HIPPI) over the last 5-7 years. This development mirrors a similar crowth in

than telecommunication networks in that several different and disparate standards
can coexist (see section 2.1.2), whereas telecommunication equipment networks
and equipment need to follow a common standard so that equipment from various
vendors can be connected together over the same network (i.e, SONET, ATM
networks). Since local area computer networks can always be linked through the

telecommunication network, there is no need for a single standard which governs

factors for development of new standards and protocols are market demand and
acceptability by users, thus freeing the developers from the restricted regime of
regulated research encountered in telecommunications.

This observation has important consequences when the size and the
captive research process of telecommunication equipment manufacturers are
considered. Virtually all of the telecommunication equipment (especially switching

equipment) manufacturers are multi-billion dollar, multi-national organizations with
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strong symbiotic links to telecommunication service providers and large research

arms of their own. Such organizations are likely to be much less receptive towards

This observation is supported by the experience gained during the prototype
optoelectronic switch research project and its demonstration at the Telecom ‘95

exhibition.

equipment for computer networks are generally smaller in size, and as pointed out
earlier, engaged in developing a variety of standards at data rates of 1 Gbps and
above. Research and development in the area of high performance computer
networks is also free of ‘legacy’ signal support problems that requires all
telecommunication equipment to be compatible with the equipment currently in
place.

It is pertinent to point out that the data rates proposed in the standards
under consideration for high bit rate computer networks are similar to those used
in telecommunication networks. The most widely used SONET transmission
equipment in continent wide data transport networks operates at the OC-48 (2.5
Gbps) data rate. Equipment at OC-192 (9.95 Gbps) rate is available though not
expected to be in commercial use till end of 1996. In comparison, proposals such
as HIPPI 6400 also call for data rates up to 6.4 Gbps in computer communication
networks by end of 1996.

Therefore, the current and the next generation of computer networks will

require broadband switching capabilities similar to those required in
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telecommunication networks and computer communication networks potentially
constitute a fast growing, high volume application area for broadband switching.
Optoelectronic switch properties, as demonstrated by the prototype
implementation, are uniquely suited to providing a comprehensive solution for
broadband computer networks. The complete signal format and bit rate
transparency available in an optoelectronic switches implies that the same switch

fabric may be used to implement broadband switching solutions for various data

rates.
The fact that signal transparency in optoelectronic switches is available

with electrical signals at the input or output of the switch is relevant to this

1 Gbps may use low cost electrical interfaces and media for short distance
transmission of data, which can be easily supported in the optoelectronic

approach without compromising the transparency of the switching medium.

8.2.2 Optical switching and transparency issues

Broadband switching techniques for optical signals that allow optical input
and output signals without conversion to the electronic domain are generally
called optical switches. Some of the technologies currently available commercially
or under development were noted in Table 2.1 (section 2.3).

Optical switches provide signal transparency features as well though no
single technology has yet found widespread commercial acceptance. As seen in

Table 2.1, and as often mentioned in relevant literature [17, 39), optical switches
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have no outstanding advantage over optoelectronic means of swetaiting Aaxceot for
an all optical path through the switch. However, this ‘advantags -eets to i
examined closely.

Signal conversion, such as the one utilized in optoelectror i switching,
does not violate the signal transparency often mentioned as the primary
advantage of an optical switching element. In fact, sacrificing an optical path
through the switch permits valuable other functions to be implemented [39]. These
include electronic amplification if needed, access to signals for network
monitoring purposes, and wavelength-conversion in WDM networks (see Figure
7.11).

Use of WDM technologies in conjunction with optoelectronic wavelength-
conversion strategies has been shown to increase the capacity as well as the
flexibility of a network as compared to an all optical network with optical switches
[37, 39]. Optical means of wavelength conversion which use complex integrated
devices employing cross-gain compression in semiconductor optical amplifiers
have been reported [144]. However, these devices suffer from a variety of
limitations such as low conversion efficiency, modulation bandwidth, and low
extinction ratio [145].

Complete signal format transparency coupled with the excellent contrast
and crosstalk immunity realized with the optoelectronic switching technology
make it an attractive candidate for a variety of broadband switching applications.

Following the signal transparency demonstrated in this work, a virtual-

transparent-path based network layer may be envisioned. A manuscript proposing
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the use of optoelectronic switches with transparency in photonic connectivity layer

of a multi-wavelength network is given in Appendix H.

8.2.3 Conclusion

Photonic communication techniques have increased the information
transmission bandwidths to unprecedented levels, exceeding a terabit on single
fibres [146]). However, electronic signals dominate the control, interface, and
access sections of communication networks. Optoelectronics bridges the two
domains, by necessity and by choice, to provide a unique class of phenomenon
which are not realizable in either photonic or electronic domain. This work
implemented a broadband switching and signal processing structure which
utilizes optoelectronic mechanisms for routing and filtering signals of diverse
formats. A new approach to design of broadband photodetector arrays was also
formulated. Application of optoelectronic switches to network restoration was
introduced, and shown to be competitive with other options. Format transparency
of optoelectronic switching was confirmed and its potential benefit to broadband
switching networks was highlighted. Spectrally efficient modulation for short
distance photonic interconnects was proposed and demonstrated to increase the

data throughput in the prototype switch.
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Appendix A
The mechanical design drawings for optoelectronic receiver module
(Chapter 3), are included here. Design drawings for the substrate used in the

module follow the mechanical drawings .
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Appendix B

Laser bias-tee
The layout for the laser bias-tee substrate design is given here. Details

about the laser transmitter section are available in [63].
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Appendix C
Prototype Switch Drawing
The front view of the prototype optoelectronic switch is shown here. The
diagram shows the three main component shelves in the switch:
Power supply
Transmitters (input ports)
Receivers (output ports)

Details for all sub-systems in the switch can be found in [63].
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Appendix D

Historic Channel
Designation

NCTA Channel
Designation

Frequency (MHz)

Video Carrier

3
4 4 6725
5 5 7725
6 6 8325
A T 1a 12125
B 15 127.25
¢ 16 133.25
b 17 139,25
E 18 145.25
F 19 15125
& 20 157.25
H T 163.25
0 22 169.25
7 7 175.25
s 8 181.25
9 9 187.25
10 10 193.25
BT 1 199.25
12 12 20525
1 13 211.25
J ] 23 217.25
K 24 22325
T 25 22925
™ 26 235.25
N 27 24125
o 28 247.25




Historic Channel
Designation

NCTA Channel
Designation

Video Carrier
Frequency (MHz)

P 29 | 25325
 a a0 25025
- R 3 ] 265.25
s T 27125
77 T ) a3 277.25
v 3 "~ 28325
) v a5 289.25
T w 3 20525
AR a7 30125
" BB " a8 307.25
“cc N 313.25
] DD a0 | 319.25
 EE 41 32525
T FF a2 33125
GG 4w 33725
- HH 44 I 343.25
o s | 349.25




Appendix E
E.1 Loop delay for optoelectronic matrix processor
A simple feedback loop can be set up to measure the total delay through
the switch, and obtain the delay of all components other than the fibre delay lines
as shown in Figure E.1. The resulting frequency separation of the resonant peaks

corresponds to the propacation delay.

Tibre

OB ~—

Rx-1 Rx-2

Figure E.1 Feedback loop for measurement of propagation delay

__ Tteedback

The loop delay is

Tlacp = Ttibre + Treedback *+ Tinternal

A sample frequency response obtained in this configuration is shown in
Figure E.2. From the frequency separation shown in the plot:

For the transmitters and receivers used in the switch, Ty = 6 ns, and
Tteedback = 1.4 ns

Titernal (Minimum propagation delay) = 16 ns (averaged for all Tx)
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Figure E.2 Resonant loop frequency response

E.2 Multimode fibre channel impulse response
For a parabolic refractive index profile optical fibre with radius ‘a’, the

refractive index ‘n’ as a function of fibre radius is given by [following 116, 118];

o <[ li=T s

no- JTT=24] r2a £
o' ~NIll-24

where ‘o’ is the profile parameter (2.02) and A=0.018 is the index

difference with ‘ny’ = 1.50.
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Group delay in a fibre of length ‘L’ is given by:

T =

2
Lno[1+a—28+3a-28] Eqn. E.2

c o0+2  o+2 2

where Lng/c is the total propagation time and § is the propagation constant.

Fort=1c/Lng -1,

-2 o-272 (301—2)
8=(—a+2)8+«/[a+2] +2 i )

(3a—2)
o+2

and the impulse response results from a count of modes which arrive

Eqn.E.3

between ‘t' and ‘dt’: K}—g—;n where M is the total number of mode groups and ‘m'’ is

the mode group number related to § as:

% = [Z:, * Ean.E.4

By introducing Eqn. E.3 into E.4, the impuise response is given as:

2

o - g (8520 [ 2]
SN Ere=y

Eqn.E5

where § varies from 0 to A,
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and, ‘t' changes from 0 to t.,,, given as:

a-2, Ba-24°
max — g+ 277 g+2 2 Eqn.E.6

Ln,.
and delay t changes from Lngc to ?‘? (1+t

“max

) . Outside of this

interval, the impulse response is zero.
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Appendix F

Bellcore Metropolitan Network-I [138] cross-connect requirements

For the sample network shown in Figure 7.9, the following table provides

traffic demand between various nodes in the network. The units are STS-1 data

rate = 51.84 Mbps. Each row of the following table provides a demand and its

routing path. The first column in each row is the source node, while the last

column with an entry is the destination node. All other nodes in between are the

transit nodes. The last column in each row provides the traffic demand in STS-1

units.

Table F.1 Point-to-point demand map for network

Source
Naode

Transit
or
Destina-
tion
Node

Transgit
ar
Destina-
tion
Node

or
Destina-
tion
Node

Transit

Transit
or
Destina-
tion
Node

Destina-
tion
Node

Traffic demand
(STS-1 units)

1 | o i ) T 12
2 | o | T ] 8
4 | 7 5 | 13 B 0 4
s | 13 1 0 ) 4
0 | o 14 o ) 4
1 [ o ) o 4
14 | o o N 8
2 | 1 T 16
3 | 1 | 1 ] 12
4 7 5 13 9| 4
5 13 1 B 4
e | 13 " ) 8
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Transuti Traﬁsiti VTTEﬁSit Trgﬁsit 7 o )
or or or or | Destina-)
Destina- De§tmaa De§tma§ DE?IH‘IEI* 7til;ﬁr Traffic dem‘and
t:igﬁm ;1;;2 nggg ;1;;2 Node (STS-1 units)
Node
7 5 | 18 1 B T4
14 3 | 1 o 4
9 14 | 3 1 ) s
N ) N 8
3 1 T o T 12
71 N B 2 - T - . T - 8 -
13 | 1 | =2 ) T a
s | 14 | 2 1T 4
1 2 T T e
2 R I T2
13 | 3 T 4
13 | 3 ) ] o T a
5 18 | a8 | o s
7 | s 13 3 - 4
14 | 3 o T 4
o | 14 '3 T 8
,5, — — — I — _
57 ) - ) - T 16 )
10 | 7 4 N
7 | 4 T T s
— —_— — _ — - _
5 T 77 ] ] - 8
I 5 T T e
7 5 | ) - 4
10 | 7 | s - I
5 - - T 8
13 | s R T e




Source
Node

Transit
or
Destina-
tion
Node

Transit

or
Destina-
tion
Node

Transit
or
Destina-
tion
Node

Transit
or
Destina-
tion
Node

Destina-
tion
Node

Traffic demand
(STS-1 units)

8 6 1T 8

9 6 | B ) s

10 9 6 ) R >
no | 7 6 i 4
12 10 | o 6 1T 4

13 6 ) [ - 8
14 | 18 | 8 B ) T

0 | 7 - o 1 e
12 10 | 7 T

9 10 7 8 | ) 12

10 7 8 ) ] 40

11 7 8 ) ] 8
12 10 7 | 8 | ) 16

13 5 7 | s 12
14 9 0o | 7 | 8 ) 28
10 ' I 40
11 7 10 9 ) 4
12 10 9 - 4
13 6 9 - ) 4

14 | 9 ’ - B ) 16
11 7 10 ] - ] 20

12 | 10 R T

13 5 7 10 ) 10
13 6 9 0 | 10

14 s | 10 7 77 s
12 | 1 8 -

14

| ©

L)
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Source
Node

Transit
or
Destina-
tion
Node

Transit

Deétinas

or or

Destina-
tion
Node

tion
Node

Transit

Transit
or
Destina-
tion
Node

Destina-

tion
Node

Traffic demand
(STS-1 units)

14 9 10 12 - 4
14 13 o ' - 16

terminating or originating at each node, as well as the traffic to be cross-

connected at each node can be calculated. Table F.2 provides a list of traffic that

terminates/originates at the respective nodes.

Table F.2 Terminating/Originating Traffic

) 7 o 7 7 Tﬂia]
Node VTeyfni[f:’atiﬁgr Griigingtiﬁgi eriginatiﬂig or
T Traffic (STS-1) | Traffic (STS-1) terminating
(STS-1)
B 76 12 88
2 a2 24 56
R 52 T 20 72
4 20 8 28
5 " 100 s | 18
6 80 20 | 108
7 a0 12 52
8 116 T 182
T 5" ) B 7”7?2 749 B 168 o
T 10 164 T 40 a0
| 12 a0 52
T 12 s 88 o2
18 16 76 o2
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Total

Node Terminating Originating originating or
' Traffic (STS-1) | Traffic (STS-1) terminating
(STS-1)
4 | o | 2 236

And the traffic to be cross-connected for each node is given in Table F.3

below:
Table F.3 Cross-Connected Traffic
Node Ernssiﬂannect Traffic
- :Cf no cross ccmnects 44 STS 1 LIFIItS termmate/cjngmaté at ncde T
1 444(13 0)44(13 2)8(3 2) ]

ﬁc cross cannects 56 STS 1 terrnmate/nngmate at ﬁade

4 4, 12(14 1)

no cross cgﬂnects 28 STS 1 termmate/arlgmate at nade

4, 4 4, 4 4(? 13) 12 10(13 7)

410(13 9)

12(5-8), 10 (5- 10), 4, 4(8- '5), 28, 12, 40, 15(10 8), 12, 8 (10-4), 52, 4 _

! (10 5), 4(10 11),4 (11 - 8), 8(11 -8),4,20 (M -10) 4,4 (4 - 5)14(11 5)
) éi no cross cannects 132 STS 1 termmate/englnate at ﬁDdE
9 10(5 19)4445(10 14), 32, 4 (10 - 6), 28, 8844(14 10
10 4(7 9), 12, 12, 28, 4(9 7)4(9 12), 4, 16, 15(12 7), 4,4 (12 - 9) -
] i no crgss cunnects 52 STS 1 termnnaté)«:mgmate at nade
) 12 no crgss canﬁects 92 STSSI termmate/&:rlgmate at ncde
T 13 4, 4,4, 4(5 1,4,4,4(5-3), 4. 8,4 (6- 1), 4(6- 3) 16 (14 - 5), 15(14 6)
11 4(9 m444a(g 3)4(9 g)

Note: The cross-connected demand shown in the table F.3 represents bi-

directional demand between pairs of nodes.
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After the various demands to be cross-connected at each node are known,
the traffic on each port required for a cross-connect as well as the size of the
cross-connect (given 2.488 Gbps per port maximum capacity of the prototype
switch), can be calculated as shown below:

Note: All demand’s considered below are bi-directional, e. g. a 4 STS-1 cross-
connect requirement between node x and y implies 4 STS-1 from x-to-y and 4
STS-1 from y-to-x. However, some demands shown as in Node-7 mean a total
demand of m Mbps and n Mbps summed together, These demands are noted
down as separate x-to-y, and y-to-x demands for the purpose of allowing a quick
comparison to the working capacity allocation.

Node 1

cross-connect (to nodes 0, 2, 3, 13)

13-0:4,4,4 =12 STS-1 = 622.08 Mbps
13-2:4,4 =8 STS-1 = 414.72 Mbps
3-2:8=88TS-1=414.72 Mbps

Node 3

cross-connect (to nodes 1, 14)
14-1:4,4,12 =20 STS-1 = 1036.8 Mbps

Node 5

cross-connect (to nodes 7, 13)

7-13:4,4,4,4,4 =20 STS-1 = 1036.8 Mbps and
13-7:12, 10 =22 STS-1 = 1140.48 Mbps

Node 6
cross-connect (o nodes 13, 9)



13-9:4, 10 = 14 STS-1 =725.76 Mbps

Node 7
cross-connect (to nodes 4, 5, 6, 8, 10, 11)

5-8:12=12 STS-1 = 622.08 Mbps and
8-5:4,4=88TS-1=414.72 Mbps

5-10:10=10 STS-1 = 518.4 Mbps and
10 - 5: 52, 4 = 56 STS-1 = 2903.04 Mbps

10 - 8: 28, 12, 40, 16 = 96 STS-1 = 4976.64 Mbps

10-4:12,8 =20 STS-1 = 1036.8 Mbps

10-11: 4 =4 STS-1 = 207.36 Mbps and
11-10: 20 = 20 STS-1 = 1036.8 Mbps

11 - 6: 4 = 4 STS-1 = 207.36 Mbps

11-8=8=8S8TS-1=414.72 Mbps

4-5:4,4=88STS-1=414.72 Mbps

11 -5:4 =4 STS-1 = 207.36 Mbps

Node 9
cross-connect (to nodes 6, 10, 14)

6-10:10 =10 STS-1 = 518.4 Mbps and
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10 - 6: 32, 4 = 36 STS-1 = 1866.24 Mbps

10-14: 4, 4, 4,8 =20 STS-1 = 1036.8 Mbps and
14 -10: 28, 88, 4, 4 = 124 STS-1 = 6428.16 Mbps

Node 10
cross-connect (to nodes 7, 9, 12)

7-9:4=48TS-1 =207.36 Mbps and
9-7:12,12, 28, 4 = 56 STS-1 = 2903.04 Mbps

9-12: 4 =4 STS-1 = 207.36 Mbps and
12-9:4,4 =8 STS-1 = 414.72 Mbps

12-7:4,16, 16 = 36 STS-1 = 1866.24 Mbps

Node 13
cross-connect (to nodes 1, 3, 5, 6, 14)

5-1:4,4,4,4=16 STS-1 = 829.44 Mbps

5-3:4,4,4=12 STS-1 = 622.08 Mbps

6-1:4,8,4=16 STS-1 = 829.44 Mbps

6 - 3:4 =4 STS-1=207.36 Mbps

14 - 5: 16 STS-1 = 829.44 Mbps

14 - 6: 16 STS-1 = 829.44 Mbps

218



Node 14
cross-connect (to nodes 0, 3, 9)

9-0: 4 =4 STS-1 = 207.36 Mbps
9-3:4,4,4,8=20STS-1 = 1036.8 Mbps

9-2:4=4STS-1 =207.36 Mbps

Once the cross-connect traffic is known between each set of two nodes,
the traffic is grouped into sets of 2.488 Gbps each and one switch port is allocated
to the set. Thus, the cross-connect size at each node can be calculated. A sample
calculation is shown below for node 1.

Node 1

cross-connect (to nodes 0, 2, 3, 13)
13-0:4,4,4 =12 STS-1 = 622.08 Mbps
13-2:4,4 =8 STS-1 = 414.72 Mbps
3-2:8=8STS-1=414.72 Mbps

Thus, at node 1, a cross-connection would be required from node 13 to
node 0 (and vice versa), node 13 to node 2 (and vice versa), and from node 3 to
node 2 (and vice versa). The result is a 6x6 cross-connect size since two ports
would be required for each of the bi-directional demand to be cross-connected.

Figure F.1 illustrates the cross-connect required at node 1.3.
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to node

to node

'

13

13 . ER——— —

L T , . 13

Figure F.1 Cross-connect requirement at node 1 (6x6)

The optical switch cross-connect size simply follows the total number of
ports required at each node with no bandwidth limitation. Table F, 4 shows the
cross-connect sizes required in cach case. Cross-connect switch sizes for 5 Gbps

per port capacity are also shown for comparison.
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Total Demand Gms;;;stséize | CGross- 1 o tical Switch
NODE (t,g, ,be cross- (assuming c? nngeg SFZ,E cross-connect
gonnected) | 5 488 Gbps | (2Ssuming5 size
STS-1 units Gbps max)
None None - 7N7c3jnef T
IS 56 6x6 |  6x6 6x6
N 2 ) ?ﬂa,ﬁg - I\]Dﬂé o B 7Ncmé - Nané
3 40 2x2 2x2 2x2
4 fﬁgniéi " 7 E\iane T i None ] 7NCH;IE
5 84 2x2 | 2x2 2x2
6 28 2x2 2x2 . 2x2
7 508 20 x 20 18x18 18x18
8 ) | r:.lrang B Ngne B 7Na:ne 7Nax;\e B
9 380 10x 10 T 6x6 axa
10 216 8x8 |  6x6 6x6
711 ) - I\]bné ) Ncmié ,Ncmé ) ch;ne
712 ) 7l\ii:ne 7 ﬁéﬁe i - None ) l‘?lcme
13 160 12x 12  12xi2 12x12
14 56 6x6 |  6x6 " 6x6
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Appendix G
Switching Time Measurements

The switching time for the crosspoints in the switch is limited by the
controlier speed and the bandwidth of the dc bias circuit (see Figure 4.7). Since
the dc bias circuit has a 3 dB bandwidth of ~200 MHz, the switching time is
expected to be dominated by the controller reconfiguration time. Figures G.1 and
G.2 show a typical switching time measurement from the optoelectronic switch. In
these experiments, a single tone is fed to the input and the output is switched from
OFF to ON (Figure G.1) and ON to OFF (Figure G.2) state. The output trace is
captured with a high speed oscilloscope with 100 MHz bandwidth for single trace

capture (HP 16500 A system, 16510A option).

( oscitioscope 0 ] ( chennel ) Lnéri;:sfcala:) (:aﬁu:gj) (7 Run )
Inp (" V/btv J foset ] ~Probe Impedance]  FPreset
1,50V 1011 50 onms ) |_User
s/Div [ Delay Harkers X Lo {rig to X) I’
50.0 us 81.000 us Cn 10 . 3
v R )

X
0

Figure G.1 Switching Time Measurement (OFF to ON)
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( osciitoscope 0 ) ( Trigger ) (;autosca!e‘) (Egﬁgg{)

Hode [Source ] (: Levelﬁ] Slope
Edge Ci 0 Vv Pogitive

843.00 us

Figure G.2 Switching Time Measurement (ON to OFF)
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Appendix H

A Signal Transparent 10x10 Space-Division Optoelectronic
Switch Core for Virtual-Transparent-Path based
Multi-Wavelength Networks

Rohit Sharma, Student member, IEEE
R. Ian MacDonald, Senior member, IEEE

Telecommunications Research Laboratories (TRLabs)

#800 Park Plaza, 10611-98 Ave. Edmonton, Alberta, Canada. T5K 2P7

Abstract

Broadband optoelectronic space division switch matrices used in
conjunction with optical (de) multiplexers and optical-electronic-optical
wavelength regenerators can provide capabilities for wavelength conversion
and translation in wavelength routed multi-wavelength networks. Such
switches are required to be transparent to bit-rate, format, and modulation of
the signals carried on various wavelengths to enable high capacity, scalable
multi-wavelength networks. A 10x10 implementation of a transparent

optoelectronie switch matrix capable of routing any bit rate up to 2.5 Gbps per

dB crosstalk suppression is presented. Transparency is demonstrated with
digital signals ranging from 622 Mbps to 2.5 Gbps per port along with analog

video signals routed through the switch core.

[ %]
[ ™ ]



L Introduction

increasingly needed expansion in information transmission system capacity. Multihop
wavelength routed networks are configurable on a link- by- link basis to allow optimization of
different links of the network is likely to be required to realize the full benefit of WDM
technologies because the number of wavelength channels available is limited for practical reasons

to a few tens [2, 3]. A wavelength-interchanging cross-connect function is necessary in the nodes

wavelength of an optical signal can be altered at will [4].

Transparency, the ability to pass signals without regard to rate or format, is often cited as
implications on evolution of current facilities to multi-wavelength optical networks [1, 2, 5, 6]. It
is acknowledged that fundamental physical limitations make strict optical transparency very
difficult to achieve [7], and of limited value [2]. Two degrees of transparency to signals have been
identified in [6]: (a) transparency to digital signals of arbitrary bit rates, protocols and formats,

and (b) transparency to signals of any type (both analog and digital). It should be noted that

here to transparency in the sense of (a) and (b) as “signal transparency”.
A very simple and practical method of wavelength conversion and interchange is available

for WDM networks if the nodes may contain optical/electronic/optical (O/E-E/O) repeater stages,

switched to transmitters on the output side of the node according to the desired wavelength
assignments as shown in Figure 1. It is often stated that this approach is not practical because of
the cost and noise associated with the optoelectronic repeater stages, given the difficulty of
constructing a suitable electronic switch. Such a switch must be an analog cross-connect with

both sufficient bandwidth and sufficient dynamic range to pass any signal carried by the network
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through as many stages as required. However, if sufficient performance were available in a
switched repeater stage, this wavelength conversion technique would offer the benefit of
polarization insensitivity, high conversion efficiency, access to the signals at the nodes, and
possibly low cost by comparison with other methods.

We aver that with appropriate use of photonics to achieve an electronic switching
function, a cross-connect of adequate performance can in fact be constructed. We provide

comprehensive experimental results with a 10x10 prototype to demonstrate that an

for digital and analog signals. Results are shown for digital signals at 622 Mbps (0C-12), 1.0
Gbps, 1.5 Gbps, 2.0 Gbps and 2.488 Gbps (OC-48), in addition to the ability to switch NTSC
analog television signals on their carriers as required in CATV networks. Any or all of these
signals can be simultaneously routed with crosstalk below -60 dB (section V). Results from
characterization of the switch for bit error rate, carrier to noise ratio and harmonie distortion
tests for CATV payloads are provided to demonstrate the complete signal transparency of this
type of switch. Extension of signal transparency to higher data rates or bandwidth is shown to be
relatively straightforward.

Although end-to-end optical paths are not possible with this form of wavelength routing,
the end to end paths are signal transparent. No distinction between signal and optical

transparency can be made at the normal points of access to the network, the electronic terminals.

I1. Photonic Connectivity Layer and Virtual-Transparent-Path Concept
Brackett [2] has very instructively pointed out that the introduction of VDM technologies
in the network essentially adds a “photonic” layer between the physical layer and the transport
layer. We extend this idea to propose that it is this layer that is required to be “transparent” in the
transport of signals through the network. Since the connectivity of the network is determined in

the photonic layer of a WDM network with wavelength routing, it may properly be termed the
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necessarily optically transparent.

The photonic connectivity layer is supported by the underlying physical layer which is
optically transparent because the WDM fibre link between any two nodes is transparent to light.
The photonic connectivity layer is an extension of the concept of the virtual wavelength path [8],
with the added feature of transparency. The network path between source and destination
requires only signal transparency, and is therefore designated a virtually transparent path (VTP).
The VTP plays a role analogous to the virtual path (VP) concept of ATM networks in that each
VTP can be routed over a variety of wavelength channels. Figure 2 shows the new proposed layer
in a multi-wavelength network.

Optoelectronic space division matrices used to implement wavelength- interchanging
cross-connects (WXC) can provide the basis for VTP based network configurations in the photonic
connectivity layer. This layer can also serve as the execution layer for network restoration
strategies based on wavelength overlay protection networks (9, 10] where spare capacity for
restoration purposes is allocated and managed as virtually transparent paths. This restoration
strategy is analogous to VP-based network restoration methods [11], as well as path restoration
methods [12].

We describe the optoelectronic switching principle by which such switches can be made in
section II and the 10x10 prototype fabricated to implement this approach in section III. Section IV

provides the results of routing digital and analog signals through the switch.

IIL. Optoelectronic Switching
Optoelectronic routing of signals is a photonic technique that utilizes optical distribution
and controlled optical-to-electronic conversion of signals to achieve a broadband switching
function [13]. As shown in Figure 3, each input signal is accepted as, or converted to an optieal
signal and distributed to every output port following an ‘N’-way power split. There are ‘N’
different signals (one from every input port) present at every output port after a ‘shuffle’ of optical

paths to rearrange the signals. At each output port, each group of ‘N’ signals is made incident on a
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photodetector array (1xN) containing independently biased photodetectors with a common output
terminal (Figure 4). To achieve routing of an input signal to the desired output port, the
appropriate photodetector is switched ‘ON’ (biased) while all others are left unbiased (‘OFF).
Thus, the ‘selected’ signal is switched to the desired output port following a ‘broadcast’ of the
input signals to all output ports.

Optical ‘broadcast’ and optoelectronic ‘select’ for routing of broadband signals has been
shown to achieve high isolation and contrast [14, 15, 16]. Optical distribution of signals gives high
crosstalk immunity and bias controlled ‘selection’ of the signals provides high ON/OFF contrast
ratio (with suitable photodetectors) while preserving the crosstalk immunity since only 1 out of N
signals is present at each output port in electronic form. It is pertinent to note here that optical or
electronic signals are never present on a common substrate in any stage of this type of switch, and
the output ports may be physically isolated to suppress electromagnetic coupling to desired levels.

The electronic signal at the output of the switch matrix may be amplified to a suitable
level with broadband amplifiers. In the prototype switch reported in this paper, the receiver gain
is adjusted to provide zero overall insertion loss. Scalable non-blocking matrices may be

constructed by cascading multiple stages of such switching matrices [17].

IV. Prototype 10x10 Switch
A prototype of the 10x10 optoelectronic switch is shown in Figure 5. Each of the input
ports accepts digital or analog signals with 50 Q impedance. The ten input signals can be routed
(or broadcast) to any (all) of the ten output ports. The nominal input and output levels are 0 dBm.
The laser transmitters at the input ports use that use GaAs lasers with external bias-tee
circuits that couple 5 mW power into 50 um core graded index multi-mode fibre pigtails. A 1x10
multimode optical splitter is included in each transmitter to divide the powers, providing ten
optical outputs. The required ‘shuffle’ of signals (see Figure 4) is carried out by routing the fibre
bundles between the transmitters and the output ports (receivers) via a connector..cd optical

backplane.
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has ten fibres aligned to the MSM photodetector array which is mounted on a custom designed

substrate with the required de-bias circuits. The fibres are aligned to the photodetector array with

matching the photodetector pitch. The output of the photodetector array is coupled to electronic
amplifiers through a micro-strip transmission line. A 3-stage amplifier with a bandwidth of 2.25
GHz provides a total gain of 56 dB to amplify the received signal to the nominal output level of 0
dBm. The bias on each photodetector is set independently through a digital-to-analog converters
capable of controlling the bias to within 2 mV between -5 to +5 volts. Continuous contro! of the
MSM photodetector bias voltage can provide bipolar weight setting elements for broadband
matrix-vector processors. This technique has been used to demonstrate broadband tunable filter

structures {18].

V. Results
Performance and properties of the prototype switch are evaluated in this section with a
view to assessing the application of optoelectronic switching technology to signal transparent
routing. The high ON/OFF contrast and crosstalk immunity that can be achieved with this
technique are demonstrated in section A. Transparency to digital signals of arbitrary bit rates is
shown in section B. Performance cf the prototype switch for analog video signals is characterized
in section C, and a signal transparency experiment describing simultaneous switching of a 2.5

Gbps digital signal and analog video signal is presented in section D.

A. ON/OFF Contrast and Crosstalk

The contrast between ON and OFF states of the switching elements is one of the primary
performance parameters of broadcast and select matrix switch since crosstalk from OFF state
crosspoints accumulates into the output ports. MSM phocodetectors provide very high ON/OFF

contrasts when the photodetector is appropriately turned off [13]. Figure 6 shows a signal at 1
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GHz routed through the switch with the routing crosspoint turned ON and OFF. The contrast

between ON and OFF states is more than the 60 dB.

neighbouring channels in the switch. The upper trace (with two equal magnitude peaks) shows
the signals at the output port when the neighbouring crosspoints are turned ON. The second trace
shows the output with one channel turned OFF. The difference between the magnitudes of the
signal tone is a direct measurement of the total crosstalk in the switch. Crosstalk suppression
greater than 60 dB is demonstrated.

The primary cause of crosstalk is the residual signal contribution by the inactive
photodetectors in the array due to very small amounts of bias that may be present as a result of
non-zero ground potential in the array biasing circuit. Note that this experiment provides a
measure of the total crosstalk contribution. This consists of the OFF state photocurrents from all
the photodetectors except the one that is switched ON, as well as the optical crosscoupling
between the neighbouring channels.

Network transparency requires that signals can pass through multiple stages of
optoelectronic switches on their way through the network. The current prototype has been
measured to have a noise figure of ~15 dB per stage and does not permit multiple stages at rates
beyond 622 Mbps. However, by improving the laser relative-intensity-noise (RIN), transmitter
power, and by designing low-noise amplifiers, we estimate that signal to noise ratios can be
improved by up to 20 dB. In that case, it will be possible to go through at least six consecutive
stages at bit rates up to 10 Gbps at an SNR of >22 dB. Another practical option is the use of ‘2R
remodulator’ stages (regeneration/reshaping) at the output of the switches. 2R remodulation is a
bit rate transparent operation without any reclocking of data and limited signal transparency is

maintained [19].
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B. Bit-Rate Independent Switching

Broadband binary digital formats constitute the most common signals in medern
communications networks. Since optoelectronic swfitches have no digital circuitry, data rates at
any input port can be continuously changed without any changes required in switch hardware or
software. Eye diagrams for signals of various data rates ranging from 622.08 Mbps (OC-12) to

2.488 Gbps (OC-48) are shown in Figures 8 and Figure 9. Bit error ratios for these signals are

measured to be < 1019 for signals up to 2.0 Gbps and <10 for 2.488 Gbps. The prototype switch
is capable of routing any arbitrary data rate up to 2.5 Gbps at each port, resulting in a maximum
aggregate capacity of 25 Gbps. The capacity of this prototype is limited by the bandwidth of the
photodetector array and the inexpensive laser transmitters used. We are now developing next

generation prototypes capable of routing more than 10 Gbps per port.

C. Analog Signal Switching

Transmission of analog video signals in a lightwave system (such as the optoelectronic
switch which consists of a laser transmitter and receiver in each path) is affected by noise
performance of the system as well as the distortion effects due to nonlinearities present in the
system. The signal path through an optoelectronic switch provides a high quality channel capable
of routing analog video signals in addition to the digital signals described above in section B.
Performance of the prototype switch has been characterized for composite 42 channel CATV
payload with video carrier frequencies ranging from 55.25 MHz (Channel 2) to 349.25 MHz
(Channel 45).

All results reported in this section follow the standard procedures recommended by the
National Cable TV Association (NCTA) for measurement of noise and distortion in CATV systems
given in [20].

The noise performance of an analog system is measured in terms of carrier power to noise
power ratio - Carrier-to-Noise Ratio (CNR). Figure 16 shows the result of the CNR measurement

for NTSC video signal. The measured CNR of 71.46 dB in the 30 kHz resolution bandwidth shown
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in Figure 10 corresponds to 49.95 dB in the 4.25 MHz video bandwidth of the signal. The
modulation depth is 21.2% for this measurement.

Multichannel systems such as a CATV system also suffer from “beat stacking” resulting
from several nonlinear distortion products falling at the same frequency. For these systems,
nonlinear distortion is characterized in terms of Composite Second Order (CSO) distortion and
Composite Triple Beat (CTB) distortion products which are the strongest second and third order
beat stacks within the 6 MHz channel bandwidth [21]. Following [20], CSO is measured (in dBe)
as the power present at a frequency +1.25 MHz from the video carrier frequency of channel under
test, relative to the power of the video carrier signal. The third order beat products are located at
the video carrier frequency in the channel under test and thus CTB is measured at the carrier
frequency as the difference between the power at that frequency, and the signal power present at
that frequency when the carrier signal is switched off at the source.

CSO and CTB measurements with the prototype switch were carried out using NCTA
specified procedures [20]. RF power per channel ranging from -20 dBm to -5.0 dBm was used for

the distortion measurements. The effective modulation index ‘Mg’ is calculated as [22]:

Eqn. 1

where N is the total number of channels, and m is the modulation depth per channel.

CSO0 and CTB products were measured at two channels (Channel 2 and 43) situated at
either end of the composite channel spectrum. Figure 11 shows the CTB distortion products
measured with respect to the carrier power at 55.25 MHz (Channel 2) and 337.25 MHz (Channel
43) for different modulation depths. The CSO products measured at 54.0 MHz & 56.5 MHz for
Channel-2, and at 336.0 MHz & 338.5 MHz for Channel-43 are shown in Figure 12,

These levels are insufficient for switching CATV payloads [20]. The semiconductor lasers
used in the prototype switch were directly driven Fabry-Perot types intended for use in compact

disc players, and are not optimized for linear modulation at high speed. It is anticipated that the
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use of linearized lasers or external modulators in the input port transmitters for optoelectronic

switches will provide improved distortion performance.

D. Format-Transparent Digital and Analog Signal Switching

Simultaneous routing of digital and analog signals can be achieved with the optoelectronic
switch. Complete transparency to modulation is demonstrated in Figure 13 by simultaneous
switching of a 2.488 Gbps digital signal and an analog NTSC video signal on its carrier. The figure
shows the experimental set up with results shown in the inset. The photograph corresponding to
the video signal is a video-print of the analog signal at the output of the switch as displayed on a
television monitor. Actual signal quality is indistinguishable from the original. Applications in
signal transparent routing introduced in section-I as well as in multimedia networks where

broadband digital and analog signal switching capabilities may be required are anticipated.

VI. Conclusion

Optoelectronic switching techniques have been successfully employed to demonstrate
signal transpareht routing of broadband digital and analog signals. A 10x10 prototype with 25
Gbps aggregate digital throughput has been described. High ON/OFF contrast and crosstalk
immunity is experimentally demonstrated. Data rates of up to 2.5 Gbps per port are supported in
the prototype switch, and development of prototypes for 10 Gbps per port operation is in progress.
The optoelectronic switch matrix is shown to be transparent to data rate, format, and modulation.
Simultaneous routing of broadband digital signals up to 2.5 Gbps per port and analog signals has
been achieved in a prototype which confirms the signal transparency. Such switch matrices can be
used to implement signal-transparent wavelength interchanging cross-connect (WXC) structures
for multi-wavelength networks.

The concept of virtual-transparent-paths (VTP) has been introduced to describe signal
transparent routing through the photonic connectivity layer in the network. Optoelectronic switch
matrices, such as the one described in this work, can be used as the basis for VTP based network

configurations, capacity allocation and management through WXC nodes in the photonic
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connectivity layer.

b

VII. References
C.A. Brackett, A.S. Acampora, J. Sweitzer, G. Tangonan, M.T. Smith, W. Lennon, K.C.
Wang, R.H. Hobbs, “A scalable multiwavelenth multihop optical network: a proposal for
research on all-optical networks”, IEEE Journal of Lightwave Technology, vol. 11, May/
June 1993, pp. 736-753 .
C.A. Brackett, “Is there an emerging consensus on WDM networking?”, Foreword to

Special Issue on Multiwavelength Optical Technology end Networks, IEEE Journal of

channel networks”, IEEE Journal on Selected Areas in Communications, vol. 14, no. 5,
June 1996, pp. 868-880.

5.J.B. Yoo, “Wavelength conversion technologies for WDM network applications”, Invited
Paper, IEEE Journal of Lightwave Technology, vol. 14, no. 6, June 1996, pp. 955-966.
A.AM. Saleh, “Transparent optical networks for the next generation infrastructure”,
Proc. OFC ‘95, paper ThEI, 1995.

optical networking”, IEEE Journal of Lightwave Technology, vol. 14, no. 6, June 1996, pp.
1349-1355.

networks: potentials and limitations of photonics and electronics”, IEEE Communications
Magazine, February 1996, pp. 106-113.

S. Okamoto, A, Watanabe, K. Sato, “Optical cross-connect node architectures for photonic
transport netwctks”, IEEE Journal of Lightwave Technology, vol. 14, no. 6, June 1996,
pp.1410-1422,

S. Okamoto, K. Sato, “Optical path cross-connect systems for photonic transport

8
g



10.

11.

12

13.

14.

15.

16.

17.

18.

19,

20.

networks”, Proc. IEEE Globecom ‘93, Houston, TX, November 1993, PP- 474-480.

Y. Hamazumi, N. Nagatsu, K. Sato, “Number of wavelengths required for constructing
optical networks considering failure restoration”, Proc. OFC ‘94, San Jose, CA, February
1994, TuE2.

R. Kawamura, K. Sato, I. Tokizawa, “Self-healing ATM networks based on virtual path
concept”, IEEE Journal on Selected Areas in Communications, vol. 12, no. 1, January
1994, pp. 120-127.

R.R. Iraschko, M.H. MacGregor, W.D. Grover “Optimal capacity placement for path
restoration in mesh survivable networks”, Proc. I CC’96, Dallas, TX, pp. 1568-1574.

R.I. MacDonald, “Optoelectronic Hybrid Switching” in “Photonics in Switching” Ed. J.E.

Miduwinter, vol. 1, Academic Press, 1994.

‘RL MacDonald, E.H. Hara, “Optoelectronic broadband switching array”, Electronics

Letters, vol. 16, 1978, pp. 502-503.

S.R. Forrest, G.L. Tangonan, V. Jones, “A simple 8x8 optoelectronic crossbar switch”,
IEEE Journal of Lightwave Technology, vol. 7, no. 4, April 1989, pp. 607-614.

M. Veilleux, R.I. MacDonald, “An optoelectronic switching matrix with high isolation”,
IEEE Journal of Lightwave Technology, vol. 10, no. 7, July 1992, pp. 988-991.

R.I. MacDonald, D. Lam, J. N oad, “Multistage optoelectronic switch networks”, IEE Proc.
- Optoelectronics, vol. 141, no. 3, June 1994, pp. 173-177.

E. Perrenoud, R. Sharma, R.I. MacDonald, “Broadband adaptive optoelectronic discrete
time signal processor”, Proc. International Conf. on Applications of Photonics Technology,
ICAPT ‘96, Montreal, Quebec, July 29-August 2, 1996.

PE. Green Jr., FE. Janniello, R. Ramaswami, “WDM protocol-transparent distance
extension using R2 remodulation”, IEEE Journal of Selected Areas in Communications,
vol. 14, no. 5, June 1996, pp. 962-967.

National Cable Television Association, “NCTA recommended practices for measurements

on cable television systems”, Novermber 1989,

235



22, C.J. Chung, I. Jacobs, “Practical TV channel capacity of lightwave multichannel AM SCM
systems limited by the threshold nonlinearity of laser diodes”, IEEE Journal of Lightwave

Technology, vol. 4, no. 3, March 1992, pp. 289-292.

Space Division
_Switch_

L [OE}— —Eo}—

\ O/E | ) -{E0}—3/
DMUX E E MUX
—O/E}- —E/O N

—]{0E

fu
5
~

Figure 1 O/E/O Wavelength Routing Using Space-Division Switches



Optically Transparent Path

Photonic Connectivity Layer with Transparent Signal Paths: Path A-D is
transparent to the format/bit-rate/modulation of the signal. Path A-B, B-
C, C-D may be optically transparent spans. Each node in this diagram
contains the wavelength routing mechanism shown in Figure 1. The
signal in the photonic connectivity layer can traverse the path on

distinct wavelengths on each span,
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Figure 5§ Prototype 10x10 Optoelectronic Matrix Switch
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Figure 6 Measured ON/OFF Contrast for optoelectronic switch
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Figure 7 Measured Crosstalk Level for Adjacent Channels
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Figure 10 Carrier-to-Noise Ratio (CNR) Measurement: NTSC Analog Video Signal
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Figure 11 Composite Triple Beat (CTB) Measurement at Channel-2 and Channel-43
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