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Development of Components for Wavelength Division Multiplexing
over Parallel Optical Interconnects

Abstract

Parallel optical interconnects based on multimode fiber ribbon cables are emerging as
a robust, high-performance data link technology that enhances throughput by using
parallel arrays of fibers. While this technology has primarily been implemented as single
wavelength point-to-point links, it can be significantly enhanced by wavelength division
multiplexing (WDM). WDM enables both increased point-to-point bandwidth as well as
more complex interconnect topologies and routing approaches that are particularly
attractive for massively parallel processing (MPP) systems. Exploiting the advantages of
WDM interconnects requires multi-wavelength sources, a low loss routing fabric, and
small footprint wavelength selective filter modules. The Lambda-connect project (A-
Connect) at Lawrence Livermore National Laboratory is a technology development and
proof-of-principle demonstration of the enabling hardware for WDM parallel optical
interconnects for use in massively parallel processing systems and other high-
performance data link applications. This dissertation demonstrates several key system

components and technologies for A-Connect.



We demonstrate 2-port and 3-port byte-wide thin film filter modules based on III-V
semiconductors and having robust, low-cost plastic packages with passive alignment, no
micro-optics, and direct compatibility with ribbon cables terminated with Mechanically
Transferable ferrules. The 2-port modules are suitable for broadcast and select
architectures while the 3-port devices provide add/drop multiplexing. The design,
modeling, fabrication, packaging and characterization of these filter modules is discussed
herein. Notably, a multi-cavity Fabry-Perot filter with 5 coupled cavities was designed to
meet the channel selection requirements for A-Connect. Packaged devices exhibited
fiber-to-fiber center wavelength uniformity better than +0.5nm, 1.6 + 0.6 dB insertion
loss, 7.5nm FWHM and could support up to 4 WDM channels at 10nm channel spacing
with less than —23dB crosstalk from adjacent channels.

We also address two issues that can potentially enhance the performance and reduce
the production cost of a A-Connect system. First, we address the need to increase the size
of the filter DBR stop-bands in order to increase the number of wavelength channels that
can be implemented in A-Connect. Second, we describe a method to shift the passband of
an epitaxially grown filter with a post-growth process. Since WDM systems require a
comb of passband filters matching the system wavelengths, this type of process has the
potential to reduce the production cost of filters for A-Connect. Lateral oxidation of
buried AlGaAs layers is explored as a potential solution to both of these problems. A 3-
cavity bandpass filter with aluminum oxide low-index layers and >500 nm DBR stop-
bands was demonstrated. This could enable coarse-WDM systems with ~10nm channel
spacings and more than 16 channels, something that is not possible with III-V

semiconductor based filters alone. We have also shown that the passband of a multi-
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cavity filter can be shifted with a post-growth lateral oxidation process. The theory for
passband shifting filter design was developed and a 2-cavity filter with 54nm passband
shift upon oxidation was demonstrated experimentally. The filters exhibited high
insertion losses (6 to 9 dB after oxidation) which are largely attributed to process
problems. If these process issues can be overcome, lateral oxidation shows great promise
for WDM filter applications.

Finally, a bit-parallel wavelength router suitable for coarse WDM over multimode
fiber was developed. Using a diffraction grating and lens combination along with 3-port
add/drop filters, full wavelength re-use was achieved. A 3x3 wavelength router with 2
parallel bit-lines per port and 37nm channel spacing was demonstrated. This is, to our
knowledge, the first demonstration of a bit-parallel wavelength router. Scaling of the
device to accommodate 16 wavelengths and an arbitrary number of parallel bit-lines is

addressed. This device provides a new tool for WDM over multimode fiber.

Approved: Denise Krol, Chairperson, Committee in Charge Date
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Chapter 1 Introduction

1.1 Motivation

Increasing the speed and capabilities of computer systems to meet emerging
computational demands has naturally led to the idea of parallel processing. Rather than
simply improving the speed of individual processors, parallel processing involves
multiple processors working together on the same problem. One author describes the
basic premise behind parallel processing as follows':

The hope is that if a single processor can generate X floating point operations
per second (FLOPS), then ten of these may be able to produce 10X FLOPS, and,
in the case of massively parallel processing, a thousand processors may be able
to produce 1000X FLOPS.

Parallel processing finds applications in problems that involve a large number of
computations. Matrix multiplication, data base searches, finite element analysis, weather
prediction, signal processing, optimization, fluid dynamics, continuum mechanics, ocean-
climate modeling, and high energy physics are just a few of the type of problems where
parallel processing is being applied.

Massively parallel processing (MPP) where thousands, O(~10%), of processors are
connected together to work on the same problem is considered vital to the national
security of the United States. For example, in order to ensure the safety and integrity of
the nation’s aging nuclear weapons stockpile detailed computer simulations of weapons
physics are being pursued. To meet the computational needs of these problems the
accelerated strategic computing initiative (ASCI) within the United States Department of
Energy calls for 100+ trillion floating point operations per second (TFLOPS) of sustained

computing capability by 20042 This level of computation requires MPP. However, even



if the economic challenge of obtaining and interconnecting a sufficient number of
processors and memories is overcome, achieving 100 TFLOPS operation is a formidable
task.

Massively parallel processing systems consist of a large number of processors
(CPUs), memory elements, a network, called an interconnect, that connects the
processors and memories to each other and other components such as fixed disk storage
and front-end interfaces (workstations, monitors etc.). Simply adding processors to a
MPP system does not necessarily improve its performance. Data and instructions must
be provided in a timely manner in order for processors in the system to perform useful

computations®

. Delay, called latency, in providing required information reduces CPU
efficiency and degrades overall system performance.

Although individual CPU performance has steadily increased following Moore’s
law™’, interconnects between processors have not improved as fast. This has resulted in a
widening gap between the performance of individual processors and the (scaled)
performance of MPP systems.

In MPP systems processor to processor (and processor to remote memory)
communication bottlenecks limit the “scaling” of performance with the number of nodes
(processors). Depending on the nature and size of the problem and the nature of the MPP
system, there is some optimum number of processors that can work efficiently in parallel.
After this point, adding more processors fails to give a proportional increase in

performance, and in some cases, can actually degrade performance because processors

stall waiting for data from remote parts of the system.
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Figure 1. Performance vs. number of nodes (processors) for a 1024x1024
matrix-vector multiply on a bus-based MPP system using 1 GFLOPS processors
and a bus bandwidth of 1 Gbyte/sec.

Figure 1 shows the degradation of MPP system performance for a 1024x1024 matrix-
vector multiply algorithm executed on a (simulated) MPP system with 1 GFLOPS nodes
and 1 Gbyte/sec interconnect bandwidth. The data for this figure were generated using a
discrete event simulator that simulates the MPP system by tracking each instruction that
would be execut¢d by every processor in the system during the course of the 1024x1024
matrix-vector 1rnultiplication.6 As indicated in the figure, the ideal scaling is a linear
relationship where the full benefit of adding a node to the system is maintained regardless
of the number of nodes in the system. Clearly the performance of the simulated system is
far from ideal.

Improving MPP performance relies on careful programming at the application level,
efficient use of memory resources, and effective communication amongst processors and
between processors and memory. A full description of all of the factors that affect MPP

system performance on specific problems is beyond the scope of the present discussion.
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To set the stage for this dissertation work, our primary focus is the communication

bottleneck caused by the hardware and architecture of the MPP interconnect.

Figure 2. Conceptual illustration of a 2-dimensional MPP interconnect. The
spheres represent computing nodes. The colored arrows represent the paths of
messages between nodes in the system. Hop latency and network congestion,
two factors that can degrade MPP system performance are indicated.

At the hardware level, latency in providing instructions or data from remote nodes is
governed by the speed (data rate or throughput), size, and architecture of the interconnect.
Figure 2 shows an example of a 2 dimensional MPP interconnect. Each processor has 4
nearest neighbors. Messages sent to nodes that are not nearest neighbors must hop from
node to node until reaching their destination. Each hop incurs a time delay, called hop
latency, because the message header must be read and a routing decision made. The
cumulative effect of these hop latencies is one of the factors that degrade MPP system
performance. Hop latency can be reduced by reducing the number of routing decisions
made in sending a message from source to destination. In the ideal case, if each node

were connected to all other nodes in the system, messages are fully routed at the source

(source routing) because there is only one hop from source to destination. Another factor




that degrades system performance is network congestion. Two packets of data cannot be
serviced at the same time by a given node. Therefore, if two messages arrive
simultaneously at any node, at least one of them will be blocked until the node is ﬁee.

As the number of nearest neighbors for each node, called node fanout, increases, the
number of possible connection paths within the system increases. On average, this tends
to reduce the number of hops that a message needs to take to reach its destination.
Increasing node fanout also tends to decrease overall network congestion. Figure 3
illustrates how 4096 nodes might be connected with a node fanout of 2, 4, or 6. The
maximum number of hops between two nodes in the system, called the system diameter,
is 2048, 64, and 24 for nodes with fanout of 2, 4, and 6 respectively. Clearly increasing

node fanout will yield better overall system performance.

2-D mesh

fanout =4 3.D cub:e
(64 hops) fanout = 6
(24 hops)

Flgure 3. 4096 nodes 1nterconnected with node fanout of 2, 4, and 6. The
maximum number of hops in the system (system diameter) for each case is
indicated. Increasing node fanout clearly increases the connectivity of the
system as indicated by the dramatic reduction in system diameter.

The electronic interconnects that are most commonly employed in MPP systems

today are quite limited in the fanout that can be achieved. Each node-to-node link is

typically several bytes wide (8 to 16 bytes is not uncommon), each byte consists of 8 bits,




and each bit requires 2 wires for differential signal transmission, thus an 8-byte wide link
requires 8x8x2 = 128 wires. Since each nearest neighbor link requires a separate set of
wires the pinout and wire density requirements quickly outstrip the available space on the
edge of the computer boards’. Furthermore electronic interconnects suffer from several
limitations including capacitive loading, attenuation due to skin effect, and susceptibility
to electro-magnetic interference.

The large available bandwidth, electromagnetic interference and ground loop
insensitivity, and increased fanout and bandwidth-distance characteristics of optical fibers
(compared to electronic interconnects) combined with the inherent concurrency allowed
by wavelength division multiplexing (WDM) has led to interest in using WDM optical
links for multi-processor interconnects®*'®, WDM enables both increased point-to-point
link bandwidths as well as more complex interconnect topologies and routing approaches
that can benefit MPP systems.

DeGroot et. al.'' used simulations to determine the number of system wavelengths
required to impact MPP system performance. Specifically they investigated the case
where the number of wavelengths, N, was much smaller than the number of nodes, M, in
the system to determine the relative sizes (M and N) where WDM offered significant
performance benefits for MPP systems. Instruction level simulations with a discrete
event simulator indicated that for N=8 and M=256, an MPP system could deliver ~200x
speedup compared to a single CPU on common scientific application kernels. Ideal
scaling would be a speedup of 256x with M=256, nevertheless it is remarkable and quite
promising that such high performance might be obtained with so few system

wavelengths. In fact, only a slight increase in speedup was found by going from N=8 to



N=32 for the fixed problem sizes that could be simulated with their model. These results
suggest that a WDM system with 8 to 16 wavelengths is of practical interest for MPP

interconnect applications.

1.2 Technical Approaches for WDM MPP interconnects

One potential way to realize multi-wavelength optical interconnects for MPP is to use
dense wavelength division multiplexing (DWDM) over high-speed serial single mode
fiber (SMF) links'>"®,  This technology has been developed for use in the
telecommunications industry and the required components are readily available from
many suppliers. However, the cost-effectiveness of this technology for MPP interconnect
applications is currently in question. The stringent alignment tolerances (0.2 - 2 um) of
SMF and narrow channel spacing (2 — 0.2 nm) of DWDM result in complex, high cost
components. These components have been developed to operate at high speeds (2.5 - 10
GHZ) and to maximize bandwidth-distance performance for link lengths of 10’s or 100°s
of km. However, in MPP applications the longest links are about 500m and key
requirements are to maximize fanout (connectivity) and to minimize latency.!*
Furthermore, use of serial links between processors could potentially add latency as
incoming parallel electrical signals at the system logic speed are serialized and
multiplexed to a faster serial optical data-rate. At the receiving end de-serialization along
with clock recovery is necessary to match the logic speed, again adding latency. This
type of solution is unfavorable for MPP systems because the cost of the components
cannot be amortized over a large number of users as in telecommunication systems.

Much research has also been done into using free-space optical interconnects for

15,16

computing systems Some of this work also involves WDM!”. These approaches



focus on short-distance links O(~10cm) and are suitable for communications between
boards within a single computing rack. Free-space optical links are not suitable for the 1
to >100m links of interest for the rack to rack links in MPP systems such as ASCI.

The technical approach pursued at Lawrence Livermore National Laboratory (LLNL)
is to use coarse wavelength division multiplexing (CWDM) over parallel, multimode
fiber (MMF) optical links. The ensemble of parallel fibers in a fiber ribbon cable
provides a word-wide communication channel for each wavelength, with each fiber in the
cable carrying a separate bit of the message. Carrying multiple wavelengths over a single
fiber cable assembly maximizes the total bandwidth per cable and allows the cable to
carry multiple independent data channels at the same time. This maximizes the number
of simultaneous communication channels in the system (system concurrency).

This approach has several attractive features for MPP interconnects. For example, the
use of parallel fibers permits modest data rates per-fiber (1 — 2 Gb/s) resulting in
improved reliability and reduced component cost and complexity. Using optical baud
rates that match the system logic speed can potentially reduce or eliminate the need for
clock recovery. Furthermore, using a sufficient number of parallel optical bit lines can
eliminate the latency associated with serialization and de-serialization. CWDM with
~10nm (or greater) channel spacings can allow ~5nm tolerance windows for component
wavelength variations (at 1dB excess loss) resulting in reduced component cost.

Parallel optical interconnects (POIs) based on multimode fiber (MMF) ribbon cables
are emerging as a robust high-performance data link technology that uses linear arrays of
MMF to increase link throughput. MMF ribbon cable is readily available from many

vendors and offers inexpensive aggregate throughput using 2 to as many as 32 fibers in



parallel. A photograph of a typical MMF ribbon cable is provided later in Figure 5.
Single wavelength parallel optical transceivers for use with MMF ribbon cable have
recently become available from several vendors (W.L. Gore & Associates, Agilent
Technologies, Siemens). These products provide (30Gb/s) interconnects priced at ~$30
per Gigabit/s of (point-to-point) bandwidth with small footprints and link lengths of
~300m or more. MPP applications such as the ASCI will most likely employ such single
wavelength links to interconnect nodes that are physically separated by 50m — 100m. To
meet its 100+ TFLOPs goal, it is anticipated that ASCI will require roughly 256 Gbyte/s
interconnections for each of 128 processor/compute racks. The physical size of this
system requires ~2Gb/s (per fiber) parallel optical links for the rack-to-rack interconnects
because it is cost prohibitive to drive electronic interconnects at these speeds over the
required distances.'®

Leveraging the growing commercial single wavelength POl activity, CWDM over
MMF ribbon cables can enable the enhanced connectivity of WDM within the cost-
performance constraints of the MPP interconnect market. Robust, low-cost solutions that
maximize the use of commercial-off-the-shelf technology are required to ensure a
practical system design with the potential for commodity pricing and multiple suppliers
for system components.

The Lambda-Connect (A-Connect) project at Lawrence Livermore National
Laboratory (LLNL) is a technology development and proof of principle demonstration of
the enabling hardware for a multi-wavelength, multi-fiber (parallel) optical link for MPP
interconnects and other short distance (<100m) data communication applications. This

approach involves innovation in both the interconnect hardware and architecture. At the
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hardware level, the idea of using WDM over parallel multimode fiber cables is unique.
At the architecture level, our approach lets each node communicate directly with a large
number of other nodes within a single hop. Messages are source routed by selecting a
transmission wavelength. Different wavelength streams from the same source and in the
same cable are sent to different destinations through the use of optical color filters. This
approach de-couples the node fanout from the physical cabling. By simply using more
wavelengths over the same cables fanout can be increased without requiring more cable
connections to the computer board. The system architecture is described in detail in
section 1.3.1 below.

The key areas of research in the A-Connect project are multi-wavelength bit-parallel
optical transmitters, a parallel optical interconnect “fabric”, wavelength-selective filter
modules, and advanced interconnect architectures made possible by multiple system
wavelengths. This dissertation specifically addresses the wavelength selective filter

modules and advanced interconnect architecture aspects of A-Connect.
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1.3 A-Connect System Description

Transmitters can use all \’s Signals from each input port . Bandpass filters - each
- but only 14 used at a time sent to all output ports +receiver only detects 11

Figure 4. A-Connect system architecture. Each port connects to a separate node
in the MPP system. FEach node has a multiple-wavelength bit-parallel
transmitter. The broadcast element sends each incoming signal to all output
ports. Fixed wavelength filters at the receivers select a single wavelength
channel to pass on to the photo-detectors (not shown). The bottom of the figure
shows conceptual illustrations of the bit-parallel system components.

1.3.1 System Architecture

A-Connect employs a broadcast and select architecture with tunable transmitters and
fixed receivers as shown in Figure 4. The top portion of this figure is a schematic of the
A-Connect architecture; conceptual illustrations of the bit-parallel system components are
shown on the bottom. Each port in the figure is connected to a separate computing node
in the MPP system. Each node has a multiple-wavelength, byte wide (parallel)
transmitter that can transmit on any of the N system wavelengths. In general the
transmitters only use a single wavelength at a given time since most communications in

MPP systems are 1 to 1 rather than 1 to many. Independent information channels on
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different wavelengths are simultaneously broadcast to many nodes through the output
ports of the broadcast element. At the receivers, fixed wavelength filters are used to
select a single information channel. Use of WDM creates multiple concurrent logical bus
channels over a common physical mediufn. Messagés are routed at the source simply by
selecting the transmission wavelength ‘providing high-throughput and low-latency
because there is only a single hop between all nodes.

If the number of system wavelengths is equal to the number of nodes A-Connect
functions as a non-blocking (cross-bar) interconnect. That is, new connections between
free nodes can be established without disturbing connections that are already in progress.
Contention only arises when two nodes need to transmit to the same receiving node -
(output contention) 1 In an actual system, a procedure that decides which transmitter
can use a particular wavelength at any given time would resolve this type of contention.
Procedures of this kind are called medium access control (MAC). Implementation of
MAC was beyond the scope of A-Connect, however, the performance of WDM optical
interconnects with a broadcast-and-select architecture using a passive star coupler as the
broadcast element has been modeled extensivelyw’zo’2 12223 11 has been reported“’zo that
use of random access (slotted ALOHA), fixed allocation (time division multiple access),
or “replicated arbitration” MAC schemes should provide acceptable performance.

To use A-Connect for MPP applications we eventually envision a system with 8 or 16
wavelengths and 10nm channel spacing. A 5 nm tolerance window is provided around
each channel to allow for thermal drift of components. The system would support byte-
wide interconnection with at least 10 parallel bit lines. The system should support link

lengths up to 100 meters with 1 mw of launched power and —25 dBm of received power
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at the detectors. Cross talk from adjacent channels must be below —25 dB to ensure error
free performance at 1.25 to 2.5 Gb/s data rates. Table 1 summarizes the desired A-
Connect system parameters. The focus of the project was to develop technologies and

packaging techniques that can eventually be scaled to meet the desired system criteria.

Parameter Value Units Notes

Wavelength Range 780 — 8607, nm |3 GaAs pin photo-diode range
970-1000° : b) InGaAsP detector range

Channel spacing 10 nm | initially larger
Channel count 8§16 & eventually desired
Tolerance window 5 nm allows for thermal drift
Word-width S-12 bits determined by fiber count
Link length (max) ~100 m
Launched power 0 dBm
(avg.)
Received power (min) 25 dBm | based on receiver sensitivity
Cross-talk <-25 dB
Data rate 125-2.5 Gb/s | per fiber

Table 1. Desired System Parameters for A-Connect.

1.3.2 System Components and Technology Choices

1.3.2.A Optical Backbone

The optical backbone of A-Connect uses ribbon cables consisting of 12 MMF with
62.5um diameter graded index (GRIN) cores terminated with mechanically transferable
(MT) ferrules. The MT ferrule is a low-cost plastic connector that uses guide pins for
alignment. This particular cable configuration offers excellent bandwidth per footprint
and is employed by all of the single wavelength POI transceivers mentioned earlier.
Furthermore, experimental versions of the MT ferrule with up to 60 MMFs in a 14mm’

area have been rep()rted24 indicating that even more bandwidth per footprint may be
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available in the near future. Figure 5 shows a photograph of a 12-fiber ribbon cable
along with the MT ferrule. The inset in the figure shows the ferrule end-face with the 12
fibers illuminated by a white light source. For A-Connect each fiber in the ribbon carries

a separate bit-line.

AREFAEREPERE

Figure 5. 12-Fiber ribbon cable. The fibers are 62.5 um core-diameter MMFs.

The molded plastic MT ferrule uses guide pins for fiber alignment. Inset shown

the end-face of the ferrule with the 12 fibers illuminated by white light.

GRIN MMF provides ample bandwidth-distance product for MPP interconnect
applications (~ 1 Ghz-km)® and has several advantages compared to SMF. The larger
MMF core size requires ~10x looser alignment tolerances than for SMF resulting in
reduced transceiver cost. Furthermore, the large fiber cores are less sensitive to shock,
vibration, particulates, and thermal variations. Another advantage is that multiple
VCSEL sources can be coupled into each MMF enabling multi-waveleﬁgth transmitters

by packaging separate VCSEL die in close proximity to each other. This is illustrated in

Figure 6.
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{A1 VCSEL die

I 22 VCSHY, die VCSEL Interconnect
Metal

oxide-confined VCSEL, 8-12pm ¢ aperture, 25um¢ mesa

Figure 6. Multi-wavelength byte-wide transmitters based on direct fiber
coupling. The large core size of MMF allows more than one VCSEL to couple
into a single fiber by simply placing the VCSELs in close proximity to each
other.
1.3.2.B Multi-Wavelength Optical Sources
The vertical cavity surface emitting laser (VCSEL) is a natural candidate for parallel
optical sources because of the ease of fabrication of 1- and 2-dimensional VCSEL arrays.
VCSEL based multi-wavelength optical sources for single-fiber (serial) links have

previously been demonstrated?®*.

Byte-wide multi-wavelength transmitters require
either one array of tunable lasers or multiple arrays, one for each system wavelength, of
fixed-wavelength lasers and appropriate multiplexing. Spectral channel spacings of order
~ 10nm (or greater) are desirable to allow for VCSEL drift with minimal thermal
management (ideally no active cooling). Thus an 8-wavelength system requires an 80nm
spectral range. Fast wavelength switching (1-10 ns) over the entire spectral range is
crucial to minimize latency. Although some interesting and novel wavelength tunable
devices based on electro-optic*® or micro-mechanical tuning” have been reported, the

tuning ranges (5-20 nm) and tuning times (us to ms) are insufficient for MPP

applications.
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For the reasons discussed above, A-Connect employs multiple arrays of fixed-
wavelength VCSELs and electronic rather than optical wavelength switching. The
challenge is to package the multi-wavelength sources in an integrated circuit or multi-
chip-module form factor. Using a combination of direct fiber coupling (as in Figure 6)
and broad band add/drop multiplexing we have developed a 4-wavelength, byte-wide (10
parallel bits actually), VCSEL-based transmitter in a standard pin grid array package with

MT compatible optical output. Details of the transmitter have been reported elsewhere”.

1.3.2.C Broadcast Element

The broadcast element is an M-input by M-output device that takes signals from each
transmitter and distributes them to every receiver. For A-Connect the broadcast element
must preserve the parallelism of the ribbon cables. The functionality of the broadcast
element could be achieved in several ways including fiber- or waveguide- based MxM
couplers®, diffractive optical fanout elements®, or kaleidoscopic fanout devices™.
Several off-the-shelf solutions are available for the broadcast element. For example,
MMF star couplers for single fiber (serial) links are commercially available from many
suppliers; the bit-parallel broadcast element could be implemented by using arrays of
MxM star couplers with one coupler per bit-line. Bit-parallel arrays of MxM waveguide
trees are also commercially available from a few vendors.

Because off-the-shelf solutions are available, the A-Connect project did not focus on
developing a broadcast element. The basic design philosophy is: “why build it if you
can buy it?” The proof-of-principle nature of the project focuses on developing the other

technologies necessary to complete the multi-wavelength parallel optical link.
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1.3.2.D Wavelength Selective Receivers

Parallel receiver arrays consisting of detectors and associated de-modulation circuitry
in small footprint packages are commercially available for the single wavelength POI
links mentioned previously. The TT-FR architecture of A-Connect takes advantage of
these commercially available components by using MT-compatible WDM filter modules
in front of the detectors to achieve wavelength selection.

Low insertion loss is critical for these filters because the transceivers exhibit link
power budgets well below those of telecom WDM systems and the MMF cabling
precludes the use of optical amplifiers. The high numerical aperture (NA) of MMF
(NA=0.275) poses a challenge when trying to package filters for ribbon cables.
Furthermore, the use of micro-optics is undesirable because it complicates packaging and
would increase the cost of the filter modules. For these reasons we use high index I1I-V

semiconductors (AlGaAs) for the thin film filter materials.

1.3.3 A-Connect Project Accomplishments

The major accomplishments of the 4-year A-Connect project include:
e development of a 4-wavelength, byte-wide transmitter packaged in an IC form factor;

e development of a post-growth process to produce monolithic multi-wavelength
VCSEL arrays with up to 4 wavelengths from a single epitaxially grown wafer.

e development of byte-wide add/drop and bandpass filter modules packaged to be
compatible with MMF ribbon cables;

e design and development of a post-growth process to shift the passband of epitaxially
grown bandpass filters.

e development of a bit-parallel passive wavelength router for use with CWDM over
MMF;

¢ and, demonstration of a point-to-point WDM link with bit-error-rate <10™'*.



18

To our knowledge, these are the first ever demonstrations of components with the above-
mentioned functionality. The innovative technical approach of the A-Connect project has

led to the filing of six patents, two of which are a direct result of this dissertation work,

1.4 The Scope of this Dissertation

This dissertation addresses all aspects of thin film filter design, modeling, fabrication,
packaging and characterization associated with the A-Connect project as well as advanced
filter and interconnect concepts (chapters 4 and 5) that lie beyond the original scope of
the project. An overview of the chapters of this dissertation is presented below.

Chapter 2 Filter Design and Modeling

The general approach to filter design used for A-Connect is described in chapter 2.
The effect of changes in mirror reflectivities and cavity lengths on the transmission
properties of coupled Fabry-Perot resonators are explored to gain insight for the design of
thin film WDM filters. The filter design techniques and modeling tools used in this
dissertation research as well as the choice of thin film materials are also discussed. As
part of this dissertation a bandpass filter for A-Connect was developed. The filter design
is presented in this chapter.

Chapter 3 Filter Fabrication, Packaging and Characterization

Chapter 3 describes the filter fabrication and packaging approach developed for A-

Connect and presents results from packaged filter modules. Two-port passband filter

modules suitable for 10nm channel spacing at —23dB crosstalk are described. Results are
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also presented for 3-port filter modules for add/drop multiplexing applications such as the
fiber-guided superstrate.
Chapter 4 Lateral Oxidation of AlGaAs for WDM Filter Applications

This chapter addresses two issues that can potentially enhance the performance and
reduce the production cost of a A-Connect system. First, we address the need to increase
the size of the filter DBR stop-bands in order to increase the number of wavelength
channels that can be implemented in A-Connect. Second, we describe a method to shift
the passband of an epitaxially grown filter with a post-growth process. Since WDM
systems require a comb of passband filters matching the system wavelengths, this type of
process has the potential to reduce the production cost of filters for A-Connect. Lateral
oxidation of buried AlGaAs layers is explored as a potential solution to both of these
problems.
Chapter 5 Wavelength Routing — An Alternate Architecture for A-Connect

In chapter 5 we examine an alternate architecture for A-Connect based on wavelength
routing. The concept of wavelength routing is described and experimental results for a
bit-parallel wavelength router with 3 input and output ports are presented. Scaling of this
device to higher numbers of input/output ports and more parallel bits is also addressed.
Chapter 6 Summary

Chapter 6 summarizes this dissertation work and points out future directions for the

research described herein.
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Chapter 2 Filter Design and Modeling

2.1 Introduction

In this chapter we describe the general approach to filter design used during the
course of this work. The emphasis is on bandpass filter designs for the A-Connect system
as indicated in the previous chapter. We begin with some initial considerations regarding
the ideal WDM bandpass filter. Following this we review the filter requirements for A-
Connect. Thin film bandpass filters can be thought of as multiple cavity Fabry-Perot
(MC-FP) resonators. Therefore, we review the basic properties of the Fabry-Perot cavity
(FPC) and then treat the problem of multiple coupled Fabry-Perot cavities (FPCs)
focusing on the implications for bandpass filter design. We are interested in how the
transmission properties of coupled resonators are affected by changes in the number of
cavities, the cavity lengths, and the mirror reflectivities. Understanding this problem
provides useful insight for the design of thin film filters for WDM applications. The
effects of distributed Bragg reflectors on the simple model are briefly discussed prior to
describing the general filter design techniques used in this dissertation research. A
bandpass filter meeting the A-Connect filter requirements was designed as part of this

dissertation research. We conclude the chapter with a description of this filter design.

2.2 The ldeal WDM Bandpass Filter

The ideal WDM filter has 100% transmission within the passband and 100%

rejection (reflection) outside of the passband as shown in Figure 1. The passband edges
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are infinitely steep thereby allowing data channels to be spaced right next to each other

without causing any channel to channel cross-talk.
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Figure 1. The ideal WDM bandpass filter. The filter has 100% transmission in
the passband, zero transmission elsewhere, and squareness, S = 1. This allows
spectral channels to be placed right next to each other with FWHM = Alcp.

T= 100% in A;"tol (’I>-1dB)

passband \

—
o

E ______________
S AL, (FWHM) < Ak,
[ o=

o

)]

2 T = 0 outside
£ passband

7))

c

g

i Passband

Squareness # 1

%kch (channel spacing)

Ay ks ks -
wavelength

Figure 2. Realistic WDM bandpass filters. The passband squareness is < 1,
implying that the FWHM is < Akch Also, the system cross-talk limits and
channel spacing determine the filter FWHM.
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Figure 2 shows the pass band shape of realistic filters. In real systems flat-topped
passbands are possible; however, the edges of the filter passband are never infinitely
steep. This means that there will always be some level of transmission outside of the
passband (cross-talk) which forces us to increase the channel spacing compared to the
ideal case so that adjacent wavelength channels will not cause errors in the desired data.
This increased channel spacing can limit the overall channel count of a system since all
of the wavelength channels must fall within the sensitivity range of the photo-detector.
Therefore, to maximize system channel count it is desirable to have filters with very steep
passband edges.

To compare filters in terms of their usefulness for WDM applications we use a figure

of merit, S, that is defined as:

_ Aw 4

S (1)

A® 4

In this equation, A®_3gp is the filter full width at half maximum (FWHM) and Aw_sogs is
the passband width at 1% transmission (T = -20dB). This figure of merit gives a measure
of the “squareness” of the filter transmission function. The ideal WDM filter with a

perfectly rectangular transmission function has S=1.

2.3 Filter Requirements for A-Connect

The filter requirements for A-Connect are as follows:

spectral channel spacing AA¢, ~ 10nm

channel tolerance window Al = 5Snm (at 1dB excess loss)
crosstalk rejection > 25 dB

insertion loss < 2dB

passband squareness S > 0.45
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The squareness requirements for A-Connect can be calculated by assuming that the
filters have a trapezoidal passband shape (transmission vs. wavelength) and using the
other system parameters given above. To calculate the squareness, we need to know the
wavelengths where the passband transmission is —3dB and —20dB of its maximum value.
These wavelengths can be calculated if the slope of the filter passband edge is known.

To find the slope of the passband edge 2 points on the transmission vs. wavelength (T
vs A) curve are needed. The system crosstalk and channel tolerance window
requirements provide these two points as described below.

Consider 2 adjacent channels 1 and 2 with wavelengths A; and A, (A; > X)) that are
nominally separated by the system channel spacing AA¢. Around each channel there is a
tolerance window Al to allow for thermal drift of system components. under normal
operating conditions signals for channel 1 could be transmitted anywhere in the range
Ai+AA/2 depending on the heat load at a given transmitter,. Receivers that use channel
2 have a bandpass filter whose center wavelength is A,. This filter must provide at least
25dB of rejection for signals from channel 1 to meet the system cross-talk requirements.
This means that the passband transmission function for this filter must pass through the
point: (A1+ Alo/2 , -25dB). Furthermore, the edges of the tolerance window for each
channel are defined at the points where there is 1 dB of excess loss. By excess loss we
mean loss in addition to the filter insertion loss at the channel center wavelength. This
gives us another point along the passband transmission curve namely: (A;-Ai/2, -1dB).
Using these two points the slope of the filter passband edge can be calculated. From this

slope, the width of the passband at —3dB and —20dB can easily be calculated. The filter
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squareness is the ratio of these widths. This calculation reveals that the A-Connect
system requires S = 0.45 to allow for 10 nm channel spacings and 5nm tolerance
windows with no more than -25 dB cross-talk from adjacent channels.

In the following sections we shall see how coupled Fabry-Perot cavities cén be used

to create filter responses that meet the A-Connect design target for squareness.

2.4 A Simple Model for Bandpass Filters

2.4.1 The Fabry-Perot Cavity'

The reflection and transmission properties of the FPC are derived assuming infinite
plane wave fields, lossless thin dielectric mirrors, and steady state conditions. This
serves as the basis for the model of coupled FPCs that will be developed in the next
section. As seen in Figure 3, the ideal FPC consists of 2 mirrors M; and M, separated by
a distance L. The electric field in the vicinity of the cavity can be broken up into: the
field incident on M,, denoted by E;, the reflected field E,, the field circulating inside the
cavity, E;, and the field transmitted by the cavity, E.. The wavelength-dependent
transmission and reflection properties of the FPC are found by relating the fields E,, E,,
and E, to the incident field E;.”

The field circulating inside a FPC consists of the portion of the incident field that is
transmitted by M, and the field that was previously inside the cavity, having made a
round-trip through the cavity and reflecting off both mirrors.

E = jtE +rre"E, ()

Where r; and t; are amplitude reflectivity and transmissivity of mirror s, k is the wave

number, L is the cavity length and j*=-1.
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L

Figure 3. The simple Fabry-Perot cavity. Mirrors M; and M, are separated by
cavity length L. The incident field is E;. E;is the reflected field. E. is the field
circulating inside the cavity and E, is the transmitted field.

From this equation we see that E; is related to E; by:

Ec _ jtl
E  1- rrye ®

Since rp and r; are less than 1, the denominator of equation 2 represents the sum of an

. . . . .. 22ikL
infinite geometric series whose ratio is riroe™

. This means that equation 2 represents
the summation of an infinite number of beams each making one more roundtrip around
the cavity than the previous one.

The field transmitted by the FPC is the portion of E that is transmitted by My. Since
the reference plane for E; is the surface of M, just inside the cavity, the phase shift
accumulated in a single pass through the cavity must be accounted for in calculating E..

E = jte™E, 4)

Using equation (3) in equation (4) we find



29

E, -t
- - Sk ©®)
E, l1-nre

The reflected field consists of the portion of the incident field that is reflected by M;

plus the portion of E; that makes a round-trip through the cavity and is transmitted by M;:

E

r

z =n+ jlhree

i i

-2 jki. E_c_ = rl - rO e—z - (6)
E

<2 jid.
1-nr,e

Equations 3, 5 and 6 describe the circulating, transmitted, and reflected fields from a
FPC in terms of the incident field. @ The transmitted and reflected intensities
(transmittance and reflectance) are the square magnitudes of the transmitted and reflected

fields respectively.

El TT,

= | Iz = 10 (7 a)
| Eil 1-2nr, cos(2kL) + R\R,

_|E]" R -2rr, cos(2kL)+ R, (7b)

B! 1-2nrcos(2hL) + R R,

where, T; = t* and R; = r;* are respectively the intensity transmission and reflection
coefficients of mirror j.

Clearly the denominator in equation 7a governs the resonance behavior of T. The
minima of the denominator are the transmission maxima. Solving for these leads to the
well-known condition that on resonance the cavity length is equal to an integer number of

half-wavelengths.
2kL=2mn:>k=1"L—”- orL=%— 8)

The term 24&L represents the phase change of the field upon one round-trip through the

cavity, therefore, equation (8) indicates that, on resonance, the round-trip phase change of



30

the field must be an integer multiple of 2n. This equation is known as the resonant
phase condition. The spacing between two transmission maxima (axial mode spacing or
free spectral range) is Ama = 2nc/2L. For the case of matched mirrors, where M, and My
are identical (and lossless) the cavity exhibits 100% transmission on resonance. This is
known as the impedance matched condition.

The width of the passband at any fraction of the maximum transmission (T = Tpax/f)
is given by those frequencies where the denominator of equation (7a) is f times its
minimum value:

D)= /D, = 1-2rr,coskLY+r’r,’ = f(1-rr,)’ )

The width of the passband at T = Ta/fis then:

2
Awr/f =3L€Sin—l[ ’———-—‘—(f;:])ri)mi“ J=‘2Ic'5in_l( (f_ll(:;;(;r]r()) ] (10)

The full-width-at-half-maximum (FWHM) of the cavity resonances (designated

A®¢yy) are given by those frequencies where the transmission is equal to one-half of its

maximum value. Using f=2 in equation (10) above the FWHM is given by:

Ao, =2sin| L2000 | L A% ) 200y 1)
L 2nr, r | Jnr, ,

The finesse, F, of a FPC is defined as Aw,/Awcay. It gives a measure of the fine-ness

of the transmission maxima compared to the free spectral range. From equation (11) we

see that the finesse is:

F= %o (12)
- 1-nr,
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As mentioned previously, the squareness figure of merit characterizes how close a
filter is to the ideal WDM filter (S=1). Using equation (11) and equation (10) (with /=

100), the squareness figure for the single FPC is:

ol 1=rr
sin”'| —%
2.nr,

S= : (13)
. —l{@(l_rlro)]
Sin —_—
23nr,

Note that the mirror reflectivities must be high enough to ensure that the off-
resonance transmission falls to less than Tma/100 between axial modes in order for the
squareness figure to be well defined. Using sin(x) ~ x in the limit of high mirror
reflectivities the squareness figure for the single FPC has a limiting value of
approximately 0.1 . Clearly the single FPC is a long way from the ideal case. More than
50% of the incident optical power falls outside of the lorentzian lineshape of the FPC
passband. In the next section we examine the properties of coupled FPC resonators to see
how they improve upon the performance of the single FPC. Table 1 summarizes the FPC

properties described above.
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|E|" 1-2nr, cos(2kL) + R R,

Maximum _rn)” AR, e

Reflectance " (+nr)’ (+R,) 1 =7

Axia! Mode Aw,, = s

Spacing I

FWHM Ao =~ A, (tﬂ‘l}

VI

Width at T = Tamalf

4nr,

Awyy, =2—Lc-sin“[ \/U_‘M]

) nr
Finesse F= ——
1-nr,
sin ™' L-rr
S g 2nr,
quareness =
. \/99(1—rr )
sin ') X222 Tife/
2\nr,
Note Transmission resonances occur when kL. = mn

If R; = Ry (impedance matched condition) = T=1 on resonance

Table 1. Properties of the Fabry-Perot Cavity.




33

2.4.2 Coupled Fabry Perot Cavities

We now consider a system of coupled FPCs as illustrated in Figure 4. We shall
call the overall system the composite resonator. An individual cavity within the system is

called a sub-resonator.

MN MN-1 MZ M1 MO

Figure 4. N-Cavity Fabry-Perot Resonator.

2.4.2.A Two Cavity Resonator

Before considering the general problem of N-coupled resonators it is useful to
analytically examine the case for N=2. This will highlight all of the general properties
that make coupled resonators desirable for WDM filters.

Consider two coupled Fabry-Perot resonators as shown in Figure 5a. In finding the
transmission and reflection properties of this system, we take advantage of the results
derived in the previous section. Equation 5 relates the field transmitted by a FPC to the
field that is incident on the cavity. Similarly, Equation 6 relates the field reflected from a
FPC to the incident field. These, by definition, are the amplitude transmission and

reflection coefficients for a FPC treated as a single reflecting element. Thus an
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equivalent reflector whose transmission and reflection coefficients are given by
equations 5 and 6 respectively can replace the two mirrors of a FPC in calculations of
overall system behavior. The coefficients of the equivalent reflector are both complex

and wavelength-dependent.

e M MM,
44 I@I
E = _E_
L L “

Figure 5. a) Two-cavity resonator consisting of mirrors My, M;, and M. b)
Two-cavity resonator treating cavity 1 as an equivalent reflector.

k4

(b

We analyze the two-cavity resonator by replacing the two rightmost mirrors in Figure
5a by an equivalent reflector as shown in Figure 5b. Since the system is now simply a
FPC with mirrors M, and M,, equations 5, 6 and 7 apply. As mentioned above, the
amplitude reflectivity of the equivalent reflector is given by equation 6 while its
transmissivity is given by equation 5. Thus the behavior of the two-cavity resonator is
found by applying equations 5 and 6 twice recursively. The transmitted and reflected

fields for the two-cavity resonator are:

Lk . - k(L +1,
E,  jtfe " — J e ) (14)
— Yy ~2Jul. 2 jkL, 2
E, 1 r,re 2K 1—r2r|e e _proe 24kl + ryrye )

and
E r etk v, (1 —rr, o2 )__ (r] 7, o LK ) o2 as)

- ~ kL, T 1 _ ~2 jkL —2 jkl. —27k(I4+1y)

E  1-rre™ l-rnne™* —nre ™" +rre 2

The denominator of equations 14 and 15 has terms involving the two sub-resonators as

well as a term involving the two end mirrors. The transmitted intensity is given by:
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T,TT,
T = 2410
V4700 + 05+ 1500 = 20 (1 + 1,7 )cos(2kL,) ~ 2, (1+ 1,2 ) cos(2kL, ) + 2r,r[cos(2k( L, + L))+ 1;” cos(2k(L, - L,))]

(16)
As with the single FPC, the transmission maxima are the minima of the denominator.

The derivative of the denominator of equation (16) is:

%:3 = 4rr,(1+ 1)L sin(kL) + 4ryr (1 + 17,2 ) Ly sin(2kLy) — drr (L, + Ly)sink(L, + L)) + 1 (L, — L, )sin(2&(L, ~ L,))]

(17)
The extrema of the transmission are then the zeroes of equation 17. Although equation
17 appears rather cumbersome and unrevealing, we can gain useful insight by observing
that, for WDM filter applications, the filters are generally symmetric. That is, the
sequence of layers is identical regardless of which direction the filter is traversed. This
guarantees that the impedance-matched condition is satisfied on resonance. For the
coupled FPC resonator we can make the symmetric filter assumption by setting the
reflectivities of the mirrors and the lengths of the cavities on both sides of the composite
resonator equal to each other. For the two-cavity case, this requires that r, = ro and L, =

L;. Under these conditions, equation 17 simplifies to:
8r,r,(1+r,7)L, sin(2kL,) - 87, L, sin(4kL,) (18)
Solving for the maxima of the transmission we find the condition that:

n(+r,) )

2
w=ck= —C-[2m7r + acos(ﬁglii—
% 21, 2r,

cos(2kL,) = N Q19)

Equation 19 states that the round-trip phase change of the field circulating inside cavity 2
plus the phase change due to reflection from cavity 1 must equal an integer multiple of
2n. This is the resonant phase condition corresponding to the transmission maxima of the

two-cavity system. Using equation 19 to substitute for cos(2kL;) in equation 7b we find
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that, on resonance, the reflectance of the equivalent reflector equals Ry. Since R; = Rg by
design this shows that the impedance match condition is met when the transmission is
maximum.

The term (mnc/L;) in equation 19 is the resonant frequency for a single FPC. Since
the cosine function is even (i.e. cos(-x) = cos(x) ) the two-cavity resonator has 2
transmission peaks that are shifted away from the single cavity transmission maxima (one
shifted lower in frequency, and one shifted higher in frequency). This type of “mode
splitting” behavior is typical of coupled resonant systems. The spacing between the

transmission maxima of the two-cavity resonator is:

2 2
Aw = iacos(r'(1 o )) _ A% acos(M
L 2r, n Yo

) (20)

Therefore, as the cavity lengths are increased (recall that L, = L; by assumption), the
spacing between the maxima decreases. This property is useful when trying to design a
filter with a desired passband width.

If 1, is chosen correctly, the wavelength shift between the two modes can be
eliminated:

2r,
I+,

r = = Aw =0 21

2

At this point, the transmission of the two-cavity resonator has only a single maximum
with 100% transmission in each order. This condition is called critical coupling. Ifr; is
greater than the value given in (21), the two sub-resonators are under-coupled. In this
case the transmission of the two-cavity system exhibits 1 maximum with a transmission
much less than 100%. Ifr is less than the critical value, the two sub-resonators are over-

coupled and two distinct peaks are observed as described above. Thus the reflectivity of
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the coupling mirror is another tool that can be employed to alter the shape of the filter
transmission function.

The FWHM of the two-cavity resonator is not as well defined as it was for the single
FPC. If the coupling mirror reflectivity is low enough, the dip between the two maxima
could be less than 50% of the maximum transmission. In this case, each peak would have
its own well-defined FWHM. However, if the coupling mirror reflectivity is high
enough, the transmission minima between the two peaks will not fall to 50% of the
maxima. In this case, the peaks are not individually distinguishable. In order to compare
with the single FPC we shall consider the FWHM of the passband to be the largest
frequency interval (in a single order) between points where the transmission of the two-
cavity system is 50% of its maximum value.

The frequencies where T = Tpa/f, can be found by using the denominator of the two-
cavity resonator on both sides of equation 9. The width of the two-cavity passband at T =

Tmax/f 1s then:

(22)

n(+r") JU =)D, ]
'y

Aw ——c—acos
L 2r, 2r,

The first term in the argument of the arccosine is the same as the argument of the
arccosine term in equation (19). Under the symmetric filter assumption, the minimum

value of the denominator is:

Dy =(1-12P(1-r2) 23)

Using /= 2 and equations 22 and 23 the FWHM of the two-cavity resonator is:

n+n) JA-r1)0-7)
2r, 2z,

) (24)

cay

Aw,,, = —c-acos(
L
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The squareness figure for the two-cavity resonator is:

n+n?) J0-r))’a-7)

acos
2r, 2r,
S = (25)
2 252 2
- 1-
dood BERD 9=} A=)
2r, 2r,

As the reflectivity of either the outside mirrors or the coupling mirror approach 100%
(ro>1, or r; 1) the squareness approaches 1 because the terms (1-rp?) or (1-1%)
respectively approach zero.  Thus, the coupling mirror can both increase the width and
improve the squareness of the passband compared to a single FPC.

The maximum reflectance of a composite resonator gives a measure of the ability of
the system to reject unwanted signals outside of the passband (cross-talk suppression).

The maximum reflectance of a coupled resonator system is:

R =1-T. = 1-—;o (26)

max min

where Dpax and Dp,;n are the maximum and minimum value of the denominator of the
reflectance (and transmittance) function. Recall that numerator of equation (16) must
equal Dpin for the Transmission to be 100% on-resonance. Furthermore, the minimum
transmission occurs when the denominator of equation (16) is maximized. This results in
equation (26). It is intuitive that the reflectance maxima should fall halfway between the
passbands of adjacent orders.

For the single FPC the minimum value of the denominator is (1—R0)2. From equation
(23) we see that the minimum value of the denominator for the two-cavity system is
smaller than the minimum value for a single FPC. A similar calculation would show that

the maximum value of the denominator is greater for the two-cavity system compared to
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the single cavity. Equation (26) then indicates that, off resonance, the two-cavity system
has a higher reflectance than the single FPC. For filter applications this indicates that the
composite resonator has better cross-talk suppression than the single FPC.

Thus far we have analytically examined the two-cavity resonator problem. Treating
the first cavity as an equivalent reflector we were able to compute the amplitude and
intensity transmission of the two-cavity system. Making the symmetric filter assumption
allowed us to find the frequencies of maximum transmission for the composite resonator.
In general there are two transmission peaks within a given order. The spacing between
the transmission peaks was shown to depend directly upon the reflectivity of the mirrors
and inversely upon the cavity lengths. By choosing the reflectivity of the coupling mirror
correctly the spacing between the transmission peaks can be reduced to zero. We saw
that when the resonant phase condition is met for the two-cavity system the impedance
match condition is also met. This indicates that the two-cavity resonator has unity
transmission on resonance if the system is symmetric. In the limit of very high mirror
reflectivities we saw that the squareness figure of the coupled system approaches unity.
Outside of the passband the coupled system has better cross-talk suppression than the
single FPC due to its higher reflectivity.

The effect of the coupling between the two cavities was to introduce new terms in the
denominator of the transmission and reflection functions as compared to the single cavity
case. These new terms led to new resonances. The presence of the new resonances
broadens the passband, increases its squareness and improves the cross-talk suppression
of the coupled system compared to a single FPC. Table 2 summarizes the properties of

the two-cavity resonator. We now turn to the more general case of N coupled cavities.
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Drin win = (A=1")’(1=7")

2008 rl(1+r0 \[1 7, ) a- r,

S o 2r,

Squareness =
2 2
ood 1R Y990 -r1 AR
2r, 2r,

Note If R, = Rg and L, = L (symmetric filter assumption) <> T=1 on resonance

Table 2. Properties of the Two-Cavity Resonator

2.4.2.B Generalization To N-Cavities

Using the concept of equivalent reflectors the results of equations (14) and (15) can

be generalized for multiple coupled resonators by re-writing them as:
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Ll ¥ (~-1) S (28)

E |, l-ryiyae

where Tv and iy are the amplitude reflectivity and transmissivity of the equivalent
reflector consisting of the N sub-resonators to the right of (and including) the N™ mirror.
In these equations ry and ty are the amplitude reflectivity and transmissivity of the N
mirror respectively. Also T.1y and fn.) are the amplitude reflectivity and transmissivity
of the equivalent reflector consisting of the N-1 sub-resonators to the right of the N*
mirror. Starting with 1o = ro, and ty = to, the transmitted and reflected fields for any
number of coupled resonators can be calculated by recursively applying equations (27)
and (28) respectively’. This concept is illustrated in Figure 6. Since equations (27) and
(28) are recursive, the nature of the solution is analytically intractable for more than 2 or

3 coupled cavities.
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Figure 6. Analysis of the N-cavity resonator through recursive application of the
equivalent resonator concept. In each stage the two right-most reflectors are
treated as a single equivalent reflector. Repeating the process N-1 times results
in the system shown at the bottom of the figure.

2.4.3 Numerical Simulations

Having understood the fundamental nature of the coupled resonator problem we now
use numerical simulations to illustrate the general trends of interest for WDM filter
design. Thin film interference filters for WDM typically employ cavities that are Ay/2 to
a few times A(/2 in optical thickness (where Ay is the filter center wavelength).
Therefore, in the numerical simulations described here, all cavity lengths are Ay/2 unless
otherwise stated. A center wavelength of 800nm was chosen in order to plot transmission

curves with respect to wavelength rather than offset from center wavelength.
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Figure 7. Transmission of two-cavity resonator for various coupling mirror
reflectivities. The outer mirror reflectivities are both 0.70.

-
A short program that computes equations (27) and (28) with a varying number of

reflectors was written using Matlab. A listing of the program is given in appendix AAA.
Figure 7 shows the Transmission curve for two coupled FPCS as a function of wavelength
for various coupling mirror reflectivities (R;). The transition from over-coupled to
criﬁcally coupled to under-coupled is demonstrated as the two peaks of unity
transmission move closer together, become one, and then drop to a much lower value of
maximum transmission. Figure 8 shows the effect of increasing the cavity length in
multiples of Ay/2 for a two-cavity system. As indicated by equation (20), increasing the
cavity lengths pulls the two transmission peaks closer together. It alsé tends to make the

peaks narrower, however, the squareness of the system is almost unchanged.




44

08 1
S
= 0.6 1
=
£
g
s 0.4 _
S
=
02 1
A/2
5 . 2x ¢
700 750 800 850 900
Wavelength{nm)

Figure 8. Transmission of two-cavity resonator for various cavity lengths. The
cavity lengths are indicated in fractions of the center wavelength. The outer
mirror reflectivities are both 0.70 and the coupling mirror reflectivity is 0.91.

Figure 9 shows the effect of increasing the number of cavities in the N-cavity
resonator. This figure assumes that all cavities are of equal length and that all of the
reflectors are identical. The number of transmission peaks is equal to the number of
cavities in the composite resonator. As the number of cavities increases the width of the
passband increases. By passband we refer to the wavelength interval between the outer

edges of the outermost transmission maxima. Also, the squareness of the passband tends

to increase as the number of cavities is increased (ignoring ripple in the passband).




900
850 gon

Wavelengsh (nm)m W

5
g 15
0 &
@ 1 ‘1 &
E i
05 &)
| oy
e
= 05

950
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Figure 10. Flat-top transmission of a 5-cavity resonator. Also shown is the net
round-trip phase change of the field in the central cavity. When the phase is
zero the transmission is maximum. The reflectivities of the mirrors, from the

center of the filter outwards are: 98.4%, 97.0%, and 64.3%.
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Figure 10 shows that choosing appropriate mirror reflectivities can flatten the
passband of the N-cavity resonator. This is qualitatively understood by thinking of the
N-1 mirrors inside the cavity as an equivalent reflector that controls the coupling between
the two outer mirrors. As seen for the two-cavity resonator, the reflectivity of the
coupling mirror determines the spacing between the transmission peaks within a single
order. If the coupling mirror reflectivity is chosen properly the peaks will all combine.
Also shown in this figure is the net round-trip phase change of the field circulating inside
the central cavity. This phase change consists of the round-trip phase change due to
propagation around the cavity plus the change in phase due to reflection from the
equivalent reflectors. When the net phase change is zero (or a multiple of 2x) the
transmission is maximum. This provides a visual verification of the resonant phase
condition. The flat-topped transmission demonstrated in the figure was obtained using 5-
cavities and adjusting the mirror reflectivities through trial and error. The mirror
reflectivities from the center of the filter outward (in both directions) are: 98.4%, 97.0%,

and 64.3%.

2.4.4 Effect of Distributed Reflectors

The simple model developed thus far assumes “hard” mirrors where the reflection
from each mirror occurs at the mirror surface. However, in thin film interference filters,
the mirrors are distributed Bragg reflectors (DBRs). DBRs consist of alternating quarter
wave thick layers of high and low index materials. Each high/low pair is known as a
Bragg pair. At the center wavelength, successive reflections from all the material

interfaces are in-phase leading to high reflectivity within a certain spectral band called
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the stop band. The reflectivity of a DBR increases as the number of Bragg pairs is
increased. The spectral extent of the stop band depends upon the index contrast of layers

in the DBR as described by equation (29).
2

Y-\ PO S B (29)
/4

Where AApgr is the stop-band width, A, is the center wavelength, n; and n, are the
refractive indices of the two layer materials, An is the index difference (n; — n;) and nayg
is the average index.

Since the DBRs high reflectivity arises from the in phase summation of many small
reflections distributed throughout the depth of the mirror. It is not possible to pinpoint
the exact position where the reflection “actually happens” leading to ambiguity regarding
the length of the cavity. This also means that the phase change upon reflection from a
DBR is not constant but rather it varies almost linearly within the stop band.

The properties of DBRs have been extensively studied.** For normally incident light,
the maximum reflectivity of a DBR consisting of m Bragg pairs is given by>":

m 2
Rome = [-l—i/"—)—j - tanhz[ﬂﬁ"-] (30)
1+ (n, /n, )2'" -

Taking the DBR reflectivity to be equal to its value on resonance we can group the
DBR phase dispersion with the phase change due to propagation within the cavity. With
DBR mirrors the FPC transmission then becomes:

_IEL _ I,
IE]S 1-2F | |cosQkL +2¢(A)) + R R,

€2)
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Here the terms |r| and [ro| are the amplitude reflectivities (at the center wavelength) of
DBRs 1 and 0 respectively. The term 2¢(A) is the phase shift due to reflection from the
DBRs. For simplicity we have assumed that both DBRs have the same phase shift upon
reflection. The phase of the reflected beam from a DBR at the center wavelength is
either 0 or m which means that the on-resonance phase is essentially unchanged.
However, the argument of the cosine in equation (31) varies more rapidly with
wavelength than the corresponding term for the hard mirror FPC. Thus the DBR phase
dispersion narrows the width of the FPC transmission function - as long as the DBR and
the cavity have the same center wavelength. If the center wavelengths are not the same
the phase dispersion could lead to a shifting of the transmission maxima away from the
cavity center wavelength.

Figure 11 shows the transmission of a FPC with hard mirrors compared to a FPC
using DBR mirrors having the same reflectivity on-resonance. The figure clearly
demonstrates that FPCs with DBR mirrors tend to exhibit narrower transmission widths
than equivalent FPCs with hard mirrors. The calculations of filter transmission for the
DBR case were made using the transfer matrix method (see Appendix B). We now

review the overall filter design process used in this dissertation.
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Figure 11 Effect of distributed Bragg reflectors (DBRs) on Fabry-Perot cavity
transmission. The wider passband corresponds to the case of “hard” mirrors.
The phase dispersion of the DBRs dramatically reduces the passband width.
The maximum reflectivity of the DBRs is equal to the reflectivity of the hard
mirror. The stop-band edges for the DBR are also seen in the figure.

2.5 Thin Film Filter Design

2.5.1 Filter Design Process

Thin film filter design is an extensive topic that cannot be fully covered in a few

pages. Many books*>%7

on the subject have been written. We forego a general
discussion of filter design since the previous sections have already indicated that multiple
cavity Fabry-Perot (MC-FP) filters should meet the A-Connect system requirements.

Instead, we present here the general guidelines followed in designing filters for A-

Connect. The basic filter design approach is to use DBR mirrors and half-wave cavities

to create MC-FP filters with the desired performance.
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From earlier discussions we have seen that symmetric filters are required in order to

achieve unity transmission on resonance. With this in mind the filters have a structure

such as:

M, M, M, M,
Bao
i 2! .?.f:‘.? gm‘l‘
m 2m 2m m

The cavity lengths are integer multiples of A./2 as indicated by the terms a and b above.

The symbols m and 2m represent the number of Bragg pairs in a given DBR.

The filter design process consists of the following steps.

1.

Decide on the materials for high and low index layers — index contrast determines
stop band extent. Also high index contrast means higher reflectivity per Bragg
pair. This can affect overall filter thickness to a large extent. The choice of layer
materials for A-Connect filters is discussed below.

Choose an initial filter design by picking some value for m in the filter expression
above. In general, the number of Bragg pairs per DBR should decrease from the
center of the filter towards the outer edges.

Model the performance of the initial design using the computer program
described below.

Vary the number of Bragg pairs in each mirror, modeling the filter performance
with each modification until the desired filter characteristics are achieved.

Add additional cavities to broaden the passband and improve squareness if
necessary.

The central mirrors should usually have the highest reflectivities, with the reflectivity

of the DBRs decreasing away from the center of the filter. This is accomplished by

decreasing the number of Bragg pairs per DBR. To improve the squareness, the

reflectivity of the outer mirrors generally has to be increased. This in turn has to be offset

by increasing one or more of the cavity lengths (in multiples of 4/2) to preserve the flat-




51

topped feature. Table 3 summarizes how changes in various aspects of the filter design
generally affect the filter performance (design tradeoffs). In the table, the outer mirror
reflectivities refer to the reflectivities of the two outermost mirrors. The inner mirror
reflectitivies refers to all of the mirrors except the outer two. The table provides rough
guidelines regarding which parameters should be adjusted and whether they should be
increased or decreased. We must keep in mind that changing any particular parameter

will have several simultaneous effects on the filter performance.

2.5.2 Filter Modeling

The A-Connect bandpass filters were designed generally following the guidelines
indicated above. A key step in the process is to model the performance of a filter design
to see if it meets the criteria for the system. The main filter modeling technique is the
transfer matrix method® (TMM). The transmission and reflection behavior of a
multilayer sequence (filter) can be calculated using the TMM.

Appendix A outlines the derivation of the transfer matrix equations from Maxwell’s
equations. This derivation can be found in almost every filter design text™ 01412, Briefly,
the TMM relates the Electric and Magnetic fields between one side of a multilayer and
the other using the boundary conditions on the electric and magnetic fields at each
interface and accounting for the phase change due to propagation across each layer. This
leads to a 2x2-matrix equation relating the incident, reflected and transmitted fields. The
matrix that relates the fields is called the transfer matrix. Once the transfer matrix of a
sequence of layers is known, the transmittance and reflectance are easily calculated as

shown in appendix A. The TMM solves Maxwell’s equations exactly, providing a very
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powerful design tool. For the large numbers of layers required in WDM filters, the TMM

is best implemented on a computer.

Squareness

FWHM

Passband ripple

Max. Rejection

Outer Mirror

Reflectivities

)

Inner Mirror

Reflectivities

T

Cavity Lengths

!

Number of

Cavities

!

varies

Table 3. Filter design tradeoffs. Increases in outer mirror reflectivities assume
that the original value is less than the inner mirror reflectivities. Increases in
cavity lengths are in multiples of A/2.
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A TMM calculation program called BraggModeller was written in the Java™
programming language as a part of this dissertation research. Due to the nature of the
Java language, the program is both objected oriented and cross-platform. The program
consists of an input file parser, a TMM calculation module, a control and output module,
and mathematical libraries. Due to the recent introduction of the Java language,
mathematical libraries for matrix manipulation and complex numbers were not available
at the time the program was written. These libraries were developed to facilitate the
TMM calculations.

BraggModeller allows the user to specify the wavelength range of interest, the
wavelength step size, the range of incident angles and angular step size, the filter center
wavelength, as well as options for plotting the data as it is being calculated. The input
file parser allows the user to define any number of layer types and then use these layer
types to build up a sequence of multilayers. Currently support for layers of constant
refractive index, layers of aluminum gallium arsenide - Al,Ga;4As with aluminum
fraction “x” being user selectable, and layers of indium gallium aluminum phosphide -
Ino 5(Ga.yAly) sP with varying Al fraction “y”, has been implemented. For the AlGaAs
and InGaAlIP layer types, the material dispersion is taken into account by providing a
wavelength dependent index of refraction. The refractive indices are calculated on the fly

based on empirical formulas'>'*!’

as opposed to using interpolation from lookup tables.
Due to the object-oriented nature of the program new material types with known
dispersion can be added without modifying or re-compiling the input parser. Appendix B

contains class diagrams for the program as well as full source code listings for all of the

classes that were developed for this program. Also, sample input files are given showing
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the available options in the program. Although a simple graphical user interface was
written for BraggModeller, ultimately it was simplest to use text files to configure the
model and define multilayer sequences.

The source code was tested and validated by comparing model output with simple
multilayer sequences whose properties could be calculated by hand, and with published
filter designs'®. The model was checked to make sure basic phenomena such as
Brewster’s angle and shifting of Fabry-Perot mode with changes in incident angle were
correctly predicted. Once validated, the model was used to calculate the transmission and
reflection performance of various filter designs. BraggModeller provides a fast and
inexpensive method of testing new filter designs without resorting to costly and time-
consuming iterations of filter growth — provided that the material parameters are
accurately known and the filter growth technique produces multilayers with precisely
controlled layer thicknesses.

Figure 12 compares calculations from BraggModeller with actual filter transmission
measurements for a single FPC filter with 10 Bragg pairs per mirror and a A/2 cavity.
The high and low index materials are AlyGa;«As with x = 0.15 and 1.0 respectively.
These materials have refractive indices of 3.5 and 3.0 respectively at A=850nm. The
filter was grown by MOCVD as described in the next section of this chapter. The full
layer sequence of this filter is given in appendix C.

The model calculation agrees very well with the measured data. The FWHM and
the edges of the rejection band of the filter match up quite well. On the short wavelength
side, the model predicts more rejection than was measured, causing an offset in the

rejection band edge compared to the measured data. The offset probably occurs because
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the model calculations: rely on empirically fitted material indices, ignore loss due to
scattering (walk-off), and ignore possible absorption in the semiconductor layers (which
becomes a factor on the short wavelenéth end of the transmission spectrum as photon
energy approaches the semiconductor bandgap). This mismatch is quite acceptable since
the overall filter parameters (FWHM, free spectral range, S-figure) are accurately

predicted despite the discrepancy.
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Figure 12. Comparison of filter transmission calculated by BraggModeller with
actual filter results. The filter is a single cavity Fabry-Perot filter with 10 Bragg
pairs per mirror. Insertion loss due to absorption and scattering are not included
the model calculations.

2.5.3 Choice of Materials

Based on preliminary modeling efforts done prior to the present dissertation
research'’, the decision was made to use epitaxially grown I1I-V semiconductor materials

for the thin film filters for A-Connect. This decision stemmed from the fact that the
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numerical aperture of MMF required relatively high index films to minimize losses due
to beam spreading while traversing the filter. It was found that thin films based on
AlGa;As had suitably high refractive index (n ~3.1 — 3.5 for A ~ 820 nm) to facilitate
filter modules without micro-optic collimation lenses. Furthermore, either molecular
beam epitaxy (MBE) or metalo-organic chemical vapor deposition (MOCVD) can be

used to produce very high quality films with accurately controlled layer thicknesses.
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Figure 13 Refractive index of Al;GajxAs as a function of wavelength for
various aluminum fractions ‘x’. The refractive indices were calculated using an
empirical fit to experimental data as described in reference [13], with corrections

for an error in that paper [14].
By varying the aluminum mole fraction (changingv “x” in the AlyGa;As) a range of

refractive indices can be obtained. Figure 13 shows a plot of the refractive index of

Al Ga;<As as a function of wavelength for various aluminum fractions. The plot is
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based upon an empirical fit to experimental data for the refractive index of Al,Ga;As
below the band gap'® with corrections for a typographical error in that reference’®. As
seen from the figure, the refractive index increases with decreasing aluminum fraction.
Using a combination of AlAs (x=1) and Al 15GaggsAs an index contrast, An, of 0.33 is
obtained (at a wavelength of 830 nm). These materials were used as the two layer

materials for most of the thin film filters developed for A-Connect.

2.5.4 Multi-cavity Bandpass Filter for A-Connect

As mentioned in section 2.3, the goal for A-Connect is a bandpass filter with a 5nm
tolerance window, low insertion loss, and suitable for 10 nm channel spacings with less
than —25 dB crosstalk between adjacent channels. Using BraggModeller and following
the filter design process described in section 2.5.1 a MC-FP filter meeting these
requirements was designed. ‘

The filter has 5 coupled cavities and its structure can be visualized as in Figure 14. In
this figure, the numbers denote the number of Bragg pairs in each DBR and shaded
regions show the thickness (in units of the optical ceﬁter wavelength ) of the cavities.
The filter is symmetric to ensure maximum transmission on resonance. Fractional Bragg
pair values indicate low index spacer layers required to maintain symmetry in MC-FP
des1gns The high and low index layers are AlyGa;.cAs with x = 0.15 and 1.0 respectively.
The outermost layers of the filter as well as all of the cavities are high index layers. The

layer sequence for this filter is given in Appendix C.
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Figure 14. Layer structure of the 5-cavity MC-FP filter. Shaded regions are
cavities of the indicated optical length (in terms of filter center wavelength ).
The number of Bragg pairs in each DBR is also indicated. Fractional numbers
indicate extra low-index layers necessary in MC-FP designs.
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Figure 15. BraggModeller calculation of the transmission spectrum for the 5-

cavity MC-FP filter designed for A-Connect.

Figure 15 shows a BraggModeller calculation of the transmission spectrum for this
filter design. Based on the calculations, this design has a FWHM of 7.8 nm, a squareness
of $=0.68 and over 35 dB of cross-talk rejection. In chapter 3 we will compare these

calculations with experimental results.
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2.6 Summary

The simple model of coupled FPC resonators developed in this chapter illustrates the
general trends of the transmission function with respect to changes in the number of
cavities, the mirror reflectivities, and the lengths of the cavities. By choosing the mirror
reflectivities and cavity lengths correctly, a nearly ideal filter response can be obtained.
The key features of coupled resonators of interest for WDM filter applications are:

1. The ability to broaden the passband of the system.

2. The ability to improve the squareness of the passband.

3. Increased reflection outside of the passband to suppress cross-talk.

As the number of cavities in a coupled system is increased all three of these benefits can
be realized simultaneously. Furthermore, using symmetric resonator designs with
properly chosen reflectivities, the maximum transmission on resonance can be 100%.

The results of this analysis are applied by treating the WDM filter as a coupled FPC
system consisting of DBR mirrors and (multiple) half-wave cavity layers. Starting with a
base filter design and iterating using BraggModeller to predict filter performance, new
filters can be designed quite readily. BraggModeller provides accurate predictions of
filter performance as long as the material parameters are well known.

In order to meet the requirements of A-Connect, filters based on epitaxially grown
Al Ga; xAs are used. For most of the filters designed in this work the high and low index
materials were Alp15GagssAs and AlAs respectively. As described in the next chapter,
the high-index (n ~ 3.1 — 3.5) of these materials allow for the production of packaged
filter modules that have low insertion loss and do not require costly micro-optic

collimation lenses.
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Using the filter design process described herein, a 5-cavity MC-FP filter was
designed for A-Connect. The filter design satisfies all of the A-Connect filter
requirements as verified through BraggModeller simulations. In the next chapter we
address the fabrication, packaging and characterization of actual filters based on the

designs given in this chapter.
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Chapter 3 Filter Fabrication, Packaging and Characterization

3.1 Introduction

In the previous chapter we discussed the general concepts of multi-cavity filter
design, described the filter design process and modeling tools used for this dissertation
work and presented a 5-cavity MC-FP filter design that meets the filter requirements for
A-Connect. The next step is to grow the filter and then to package and test it.

As mentioned in the previous chapter the filter approach for A-Connect was epitaxial
growth of Al,Ga,.xAs multilayers via MOCVD. In section 3.2 we provide details of the
filter fabrication.

In order to use thin film filters for parallel optical interconnect (POI) applications,
they must be packaged into filter modules that protect the thin film material while
allowing optical access to the filter. For A-Connect the POI platform is based on
multimode fiber (MMF) ribbon cables terminated with MT ferrules. The passive
alignment provided by guide pins makes ribbon cable links extremely simple to connect
and it is essential that any POI filter module preserve this feature. Therefore, our filter
module approach is based on machining of commercially available MT ferrules to
accommodate the thin film filters. Using this method we have developed both 2-port and
3-port filter modules in simple, robust plastic packages'* as described in section 3.3.
Section 3.4 presents results from filter module characterization.

Figure 1 shows the geometry of our filter modules. The 2-port modules employ a
bandpass filter and serve as the channel selection filters at the receivers in the A-Connect

system. The 3-port filters use an edge filter and they are suitable for add/drop
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multiplexing. The multi-wavelength transmitters developed for A-Connect use this type
of 3-port filter to multiplex optical signals from different VCSEL die*.

Prior to the start of this dissertation research Deri and co-workers' decided upon the
general filter packaging approach for A-Connect and developed early prototypes of the 3-
port filter modules. These modules used a simple DBR as the filter element. In this
dissertation research, 2-port filter modules with MC-FP filters were designed and
developed for channel selection at the receivers in the A-Connect system. The
wavelength router developed as part of this dissertation research (see Chapter 5) uses our
3-port filter modules for add/drop multiplexing. Therefore, we present both the 2-port

and 3-port filter module work in this chapter.

all A’s ) — Ag
a) |
100
Port 2 all A’s
—
b) except A,

Figure 1 Schematic of a) 2-port, and b) 3-port filter modules.

3.2 Filter Fabrication

The wavelength selective element in the 3-port modules is a DBR with 31 Bragg
pairs. Prior to packaging, the DBR is anti-reflection coated with Tantalum oxide and
Silicon dioxide. This creates a coarse WDM add/drop filter with wavelengths in the

DBR stop-band being sent to the reflected port.
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In the 2-port configuration we have demonstrated both single cavity and multiple
cavity Fabry-Perot filters. The single cavity filter design was described in section 2.3.3
of chapter 2 while the design of the MC-FP filter was descrit;ed in section 2.5.4.
Although the single cavity FP filter design does not meet the bandpass filter requirements
for A-Connect, it was used to demonstrate that packaging the filters without collimating
micro-optics yields acceptable performance. As described below, the filters in the 2-port
modules are mounted at 10° to increase return loss. The filter designs take this into
account by adjusting all layer thicknesses to satisfy the Bragg condition at the chosen

design angle.

| A4 layer
i n=3.53 at 2
. =825nm

low index
A4 layer
n=3.00 at A
= 825nm

. Etch stop !éyéi’

E Substrate

Figure 2. SEM photograph of the 5-cavity MC-FP filter. The darker layers are
AlAs while lighter layers are Alg15GaggsAs. The InGaP etch-stop layer is also
visible. Inset shows a close-up of the central portion of the filter. 16 Bragg Pairs
and 1 extra low index layer are clearly seen between the 2 cavities in this image.

All of the filters use epitaxially grown Al 15GaggsAs and AlAs as the high and low

index materials respectively and they are all grown by metal-organic chemical vapor
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deposition on GaAs substrates at 710 °C and 80 mbar. In addition to the actual filter
layer structure described above, 10 nm thick GaAs cap layers were inserted on both‘ sides
of the MC-FP filter to minimize oxidation of the AlAs. A 400nm InGaP etch-stop layer,
lattice matched to GaAs, is grown on the substrate prior to deposition of the filter layers.
This layer facilitates substrate removal as described in section 3.3.2.A. Figure 2 shows
an SEM photograph of the 5-cavity filter as grown. The alternating high and low index
layers in the DBRs, the 5 cavities, and the InGaP etch stop layer are clearly visible in this

figure. The figure inset is a close-up of the central portion of the filter.
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Figure 3. Measured and calculated transmission spectra for the five cavity MC-
FP filter. Measured Spectra were obtained from a piece of filter material
mounted on a glass slide and using collimated light. Calculated spectra are from

BraggModeller simulations.

Figure 3 shows the MC-FP filter transmission as a function of wavelength. This
spectrum was taken from a piece of the filter material mounted on a glass slide using
collimated light. Also shown is the transmission spectrum calculated using

BraggModeller (c.f. Chapter 2 Figure 15). The agreement between the measured filter
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spectrum and the BraggModeller calculation is very good. The rejection band edges line
up exactly while the filter passband is shifted lower in wavelength by approximately 2
nm. Also, some ripple in the passband and a minor deformation on the short wavelength
side of the passband is evident. These variations from the original design indicate errors
in the MOCVD growth process. The quarter-wave thickness layers of the filter call for
pro;:ess control better than 1%. Since the filter is nearly 10 pm thick, the deposition
conditions in the growth chamber vary a great deal during a filter growth. For example,
materials deposited on the chamber walls alter the vapor pressure inside the MOCVD
growth chamber. This change in vapor pressure changes the deposition rate of the
AlGaAs during the filter growth in a non-linear fashion. Although the grower has taken
great pains to compensate for these changes, some minor variations are to be expected.
Overall the process variations are quite acceptable given the C(;mplexity of the MC-FP
design. In production a feedback control system with in-situ monitoring (laser

reflectometry for example) can be employed to eliminate these process variations.

3.3 Filter Packaging

3.3.1 General

Figure 4 provides a perspective view of a 2-port module. The filter material is
sandwiched between pai'allel arrays of 12 MMFs housed in the modified MT ferrules.
Despite the large numerical aperture of MMF (NA = 0.275), the high refractive index of
the filter enables narrow passbands and sharp passband edges without additional micro-
optic collimation. Furthermore, for the 3-port modules, the use of high-index materials
facilitates a large angle of incidence to ease opto-mechanical packaging while

minimizing bandpass spreading and polarization sensitivity.
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Figure 4. Perspective view of a 2-port filter module packaged to be compatible

with MT ferrules.

The use of commercial ferrules minimizes device size (2.7 X 6.4 X 7.6 mm® for 2-
port modules and 5.7 X 6.4 X 7.8 mm? for 3-port modules) , and simplifies assembly
and packaging via passive alignment using guide pins. For the 2-port modules, alignment
is 100% passive with the guide pins, while for the 3-port modules, the longitudinal
alignment of port 3 along the port 1-2 axis is done by active alignment — this could be
eliminated in production by using a modified ferrule design. In addition, these modules
méte directly with MT-terminated fiber ribbon cables without the need for additional
connectors, couplers or adapters. The minimal complexity of the assembly, coupled with

the plastic molding used to realize the ferrules, indicates the potential for cost-effective

- manufacture of such devices.
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3.3.2 Filter Module Construction

The MT ferrule provides accurate positioning of the fibers only Within 2mm of the
ferrule end-face. For this proof-of-principle demonstration the filter modules were
conétructed using the 2mm section (near the end-face) of several (typically 4) MT
ferrules. The filter module construction process is as follows.
3.3.2.A 2-Port Modules

Four MT ferrule tips are cut away from the ferrule bodies using a dicing saw. By
ferrule tip we refer to the ~2mm section of the MT ferrule adjacent to the end-face
wherein the fiber to fiber pitch is accurately maintained at 250 pm. The ferrules are
unpopulated, that is, they do not have any fibers in them. The four ferrule tips are then
assembled as shown in Figure 5. |

First, 2 ferrule tips are arranged such that the original end-faces are in contact. These
2 ferrule tips form the center of the filter body. Having the end-faces mate creates a
~4mm long section with precisely controlled fiber to fiber pitch. Next, the remaining two
ferrule tips are arranged such that the original end-faces point away from the filter body.
This ensures that the filter module can be mated with MT ferrule terminated ribbon
cables using the standard guide pins of the MT system without the need for additional

alignment.
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Figure 5. Arrangement of 4 MT ferrule tips in a filter module. Straight lines
indicate original MT ferrule end-faces. Diagonal lines indicate end-faces
exposed through dicing of the ferrules. The diagonal lines are an extreme
exaggeration merely for illustrative purposes, in actuality, the end-face from the
saw cut is quite straight and square.

The four filter tips, arranged as described, are mounted on a set of guide pins and
populated with MMF. Twelve short sections of MMF are prepared by stripping away all
protective coverings, leaving the “bare” fiber. For each of the 12 parallel channéls, one
strand of fiber is inserted through all four ferrule tips. Insertion of the fibers is a tedious
process that is best done under microscope inspection. Typically several hours were
required to manually populate one’ filter module. For volume production this process
would be automatéd and would only take a few seconds.

After populating the fiber holes, the ferrule tips are epoxied together. Care must be
taken to ensure that the epoxy covers all 12 fibers between each of the ferrule tips and
enters into the fiber holes so that the fibers are permanently held in place. Also, each
surface between ferrule tips must be covered with epoxy to bond the ferrule tips to one
another. Once the epoxy has cured, a broken fiber within the filter body cannot be
replaced. Therefore it is critical that a small bead of epoxy be left on each end-face of the
filter body‘ to allow for polishing of the fibers with minimal fiber breakage.

After the epoxy has fully cured, the end-faces of the filter module are polished. Polishing

consists of dry lapping and/or wet lapping with a series of finer and finer grit lapping
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films. Typically, a 12 um grit film is used to remove the bulk of the epoxy bead. Next a
3 pum grit film is used. The final polishing is done with a 0.3um grit film. Exact
polishing times depend upon the size of the epoxy bead on the end-faces. Because the
filter module end-faces serve as the mating surfaces with the ribbon cables, care must be
taken to minimize contact of the end-faces with the lapping film during polishing. The
filter module was usually held in a holder to keep the body perpendicular to the lapping

surface. However, hand polishing without a holder was also employed occasionally.

ferrule ends populated with
62.5 um GRIN fibers, angle cut

AlGaAs filter epoxied to
ferrule using optical epoxy

Substrate removed by 2- step
selective etch

Epoxy 2nd port. Passive
alignment using guide pins

2-port module complete

Figure 6. Summary of 2-Port Filter module construction process.

Figure 6 summarizes the major steps in the 2-port filter module construction process.
Once the filter module body has been prepared as described above, it is cut in half using a
dicing saw to allow for insertion of the filter material. The saw cut is made at an angle by
mounting the filter module body on a holder at the desired angle (wax mounting on a
prism of the appropriéte apex angle was found to be adequate). For the 2-port devices,
ferrule endfacets are angled at 10° to improve return loss outside the filter passband.

When making the angled saw cut, a 0.3 pm grit blade is used and the lateral cutting speed
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