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Abstract

Indium-Phosphide Based Narrow-Band Optical Filters and Add-Drop Multiplexers
by

Thomas Liljeberg

Reconfigurable, narrowband optical filters and add-drop multiplexers (ADM:s) are
key components for versatile high-capacity fiber-optic wavelength division
multiplexed (WDM) communication systems. Implementing the filters and ADMs
in semiconductor waveguide technology opens possibilities for integration with
other passive and active devices for high-functionality modules.

The dissertation describes design, fabrication and characterization of InP
waveguide based filters and ADMs with optical bandwidths below 50 GHz.

The devices are based on distributed Bragg reflector (DBR) filters. Methods to
achieve optical bandwidths sufficiently narrow for dense-WDM are discussed. By
using quarter-wave shifted DBR gratings in low loss waveguides, optical filter
bandwidths of 38 GHz at 1.55um wavelength were demonstrated. The bandwidth
of these first-order filters was limited by waveguide propagation loss; design
approaches for implementation of higher-order filters with even smaller bandwidth
and less sensitivity to losses will be discussed. Finally, the dissertation covers
integration of the narrowband filters with directional couplers to obtain add-drop

multiplexers.
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Chapter 1 Introduction

1.1 Introduction

Over the past decade, a revolution has taken place in the area of data and telecom
communication systems and networks. Only 10 or 15 years ago, the vast majority
of the information transmitted on large networks was “plain old telephony”, that is,
voice transmitted on circuit switched networks. Today, the picture is dominated by
data transmission over high capacity packet switched networks. With the explosion
in Internet and World Wide Web use, and introduction of new services and
applications, demand for data transmission bandwidth has grown at astronomical
rates. Some of the factors driving this growth are the increasing number of people
with Internet access, along with a number of new and more bandwidth demanding
applications and services. Finally, more and more companies are deploying high
capacity intranets and extranets to share information between employees, and
between company and customers or suppliers. While the growth in number of
people connected to the Internet is slowing down, particularly in the US and
Western Europe, the information accessed continues to be more and more
bandwidth demanding, e.g. pictures and video. Combined with the growth from
new services and new ways to access the networks, this promises to maintain a

very high growth rate in the bandwidth demand, see projection in Figure 1.1.
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Figure 1.1 Projected bandwidth demand (March 2001 projection).

At the same time, new technologies (along with deregulation and increased
competition) have significantly contributed to bringing down the cost of
bandwidth. This cost reduction has fueled the innovation of new services, which in
turn has provided the incentive to further increase bandwidth and decrease cost.
While this virtuous cycle has slowed down somewhat in the recent year, the long-
term projections continue to predict a very high growth rate in bandwidth demand,
pushing the development of technologies capable of supplying faster, cheaper and

more versatile networks



1.2 WDM Networks

Several technologies co-exist and compete to provide the increased bandwidth. As
mentioned, a shift has taken place from circuit switched to packet switched
networks, providing more flexibility and versatility. Erbium doped fiber amplifiers
have dramatically increased the distance data can be transmitted without costly
electronic regeneration. Increasingly faster electronics has pushed the limit for
maximum bandwidth achievable with electronic time-division multiplexing
(TDM). 40 Gbit/s TDM systems are now commercially available, and even higher
single-channel bit rates can be achieved with optical time-division multiplexing
(OTDM). Systems with single channel bandwidth of over 160 Gbit/s have been
demonstrated in research laboratories.

The advent of wavelength division multiplexed (WDM) systems has made it
possible to dramatically increase the transmission bandwidth of both existing fiber
links and new systems; systems with a potential aggregate bandwidth of over 1
Tbit/s are now available.

One advantage of WDM systems is the possibility of routing and processing on the
optical level, instead of detecting and processing in the electrical domain before re-
transmitting the optical signal. Wavelength routed passive networks is a relatively
simple example of this; the trend is towards doing more and more of the routing

and switching in the optical domain.



Some of the key components for optical routing and switching are wavelength
multiplexers and demultiplexers, all-optical cross-connects and switches, and Add-
Drop multiplexers (ADMs). Currently most of switching, routing and cross-
connect functions are performed in the electrical domain, requiring complex and
expensive high-speed electronics. By moving as much as possible of this
processing to the optical domain, smaller complexity can be achieved, in addition

to greater transparency with respect to modulation speed and format.

1.3 Add-Drop Multiplexers

Add-drop multiplexers are key components for high capacity packet switched

optical networks. The basic functionality of an ADM is illustrated in Figure 1.2.

Aq,A2,A3,...... A, A'2,A3,......
Add/ Drop

X2 A2

Figure 1.2 Add-Drop Multiplexer

All the channels are incident on the in port, and the ADM selectively picks out one
channel, which is dropped and processed, and new data is inserted on that channel

and transmitted. Ideally, the device is completely transparent, not only to data on



the other channels, but also to coding and modulation formats of the dropped
channel.

The benefits from all-optical add-drop functionality depend on the network
structure. Smaller networks, such as local area networks, campus/enterprise
networks and metro area networks are typically implemented using simple
broadcast ring or bus topologies. In these types of networks, the main benefit of an
all-optical ADM is a reduction in complexity and processing. A node can be
statically or quasi-statically assigned a specific wavelength channel, leaving all the
routing and processing to take place at a central hub. This approach keeps the
components at the each node as simple as possible, and thereby cheap. Added
network flexibility and total capacity can be increased at the cost of higher
complexity and price, by using dynamically reconfigurable ADMs at the nodes.

In larger networks, i.e. long-haul networks or WANS, the network is based on a
mesh-structure. The nodes can have different levels of complexity, ranging from
complex sub-systems with demultiplexers, cross-connects, multiplexers, and
possible wavelength converters, to simpler nodes based on add-drop multiplexers.
In the past, connections were established based on circuit switched protocols, i.e.
when a connection is established, a permanent path through the network, between
the two endpoints is established for the duration of the connection. Newer fiber-
optic networks are based on packet switching, but on the electrical/logical level.
On the physical/optical level, connections between two nodes in the network are

still established semi-permanently. A true packet switched network would have



greater flexibility and reliability, but also place much higher requirements on the
components. To achieve packet switching on the optical level, fast switches and
ADMs capable of being reconfigured at packet rate, are needed.

The remainder of this section reviews the technologies available to implement all-
optical add-drop multiplexers, and compares the performance on different

parameters, such as cross-talk, reconfigurability, speed, and optical bandwidth.

Referring back to Figure 1.2, they basic functionality of an ADM is spatial
separation of one wavelength channel from all other channels. The conceptually
simplest way of achieving this is using a reflection filter in conjunction with two

optical circulators, as shown in Figure 1.3.

A2 A2

Figure 1.3 Simple example of an Add-Drop Multiplexer based on a DBR-filter and

two optical circulators.

N wavelength channels are incident on port 1 and pass through the circulator to the
filter, where all the out-of-band channels are transmitted and passed through the
second circulator to the output. The on-resonance channel is reflected, and sent to

the drop port by the circulator. Similarly, the signal applied to the add port goes



through the circulator, is reflected by the filter and then sent to the output port by
the circulator. Devices based on this structure were the first to be demonstrated in
laboratories. The filter can be based on one of several technologies; the most
commonly demonstrated employ a fiber grating filter, but waveguide filters have
also been used. Because the circulators have very low transmission from port 1 to
port 3, the performance of the ADM is essentially limited by the filter
characteristics.

In terms of actual system deployment, the concept shown in Figure 1.3 is not
advantageous - circulators are expensive, and alignment and packaging further add
to the cost. Currently, commercially available ADMs are typically based on Silica
on Si arrayed waveguide gratings (AWGs) [1-7]. These ADM devices are really
integrated devices consisting of demultiplexers, 2x2 switches and multiplexers. An

example with 16 channels is shown in Figure 1.4.[1].
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Figure 1.4. Silica-on-Si 16-channel Add-Drop Multiplexer based on Arrayed

Waveguide Gratings and thermo-aptic 2x2 switches [1].



The device is connected to the network at port 1 and the add channels are applied
to port 2. The first AWG demultiplexes both the signal from the network and the
local add signal. Note that this allows for simultaneous add-drop operation on any
number of channels; port 2 can be a single channel or a local tributary input or
subnet. The 2x2 switches are thermo-optic switches, limiting the maximum
switching speed to the ps-range. After the switches, all the channels are
multiplexed again, and appear on the two output ports.

The limits to the performance of these devices are determined as follows: For
speed, the switching speed of the 2x2 thermo-optic switches limits reconfiguration
speed to the MHz range at the very best. Total channel count is limited by the
bandwidth and the free spectral range of the AWG; the potential for over 300
channels has been demonstrated in research labs [5]. The channel spacing is
limited by the static filter characteristics of the AWG, which is theoretically
limited by the number of waveguides in the array, and practically by control over
material, process and temperature. Devices with 10 GHz channel spacing and
better than 20 dB cross-talk isolation have been demonstrated {8]. Based on Silica-
on-Si technology, the device is not readily integratable with semiconductor based
active devices, although some work has been done with hybrid integration and
with semiconductor AWGs [9].

Another technology for implementing ADMs is semiconductor, dielectric or fiber-
based cascaded Mach-Zehnder interferometers [10-12], as illustrated in Figure 1.5,

which shows an implementation in dielectric waveguides. The approach is based






