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Abstract
Integrated Optical Bu ers for Packet-Switched Networks

Emily Frances Burmeister

Routers form the backbone of the Internet, directing data tahe right locations
with huge throughput (capacity of terabits/second) and vey few errors (1 error
allowed in 102 bits). However, as the internet continues to grow rapidly, ®
must the capacity of electronic routers, thereby also growgy in footprint and
power consumption. The energy bill alone has developers kireg for an alternate
solution. Today's routers can only operate with electricasignals although Internet
data is transmitted optically. This requires the data to be onverted from the
optical domain to the electrical domain and back again. Optal routers have the
potential of saving in power by omitting these conversiondyut have been held
back in part by the lack of a practical optical memory device.

This work presents the rst integrated optical bu er for next generation optical
packet-switched networks. Bu ering is required in a routeto move packets of data
in order to avoid collisions between packets heading to thamme destination at the
same time. The device presented here uses an InP-based twetoo switch with
a silica waveguide delay to form a recirculating bu er. Paalt storage was shown
with 98% packet recovery for 5 circulations. Autonomous ctention resolution
was demonstrated with two bu ered channels to show that the dchnology is a

realistic solution for creating multiple element bu ers onmultiple router ports.
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This thesis proposes and demonstrates the rst integratedptical random access

memory, thereby making a great stride toward high capacity miical routers.
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Chapter 1

Introduction

The advent of optical ber communications enabled a revolubn by providing
immediate and inexpensive access to information and comnmcation [1]. The
international community has felt the revolution in changesof both culture and
commerce. Optical ber communication has been a key compamen the recent
period of globalization in which emerging markets are becang more equipped
to compete and boundaries are fading [2, 3]. However, thedebm market did
not track the growing information technology usage. In 20Q-kpeculation caused
the eld to grow too quickly and created a depression in the kl [4]. For years,
the capacity of the United States' national backbone was eidsmeeting demand.
Now, need is catching up with supply and new applications amgproaching that
will require larger bandwidths [5]. Optical communicatios must nd ways of
providing customers with the capacity they need while lowerg the cost per bit.

Optical routers are an e cient solution that holds promise n reducing the
cost of the hardware at the core of the network while increasy its scalability

and exibility. Electronic routers can handle greater and geater capacities, but



at the cost of larger footprints, higher power consumptionand challenges in
heat extraction. In an electronic router, incoming opticabata is converted to the
electrical domain to be forwarded and bu ered and then conveed back to optical
data. The major bene ts of electrical processing are simplata regeneration and
the availability of inexpensive, compact memory. Howevenptical routers may be
necessary in order to reduce power consumption and they hgwetential to o er

advantages such as transparency for data packets at any b#ate and protocol
exibility [6]. The key challenges in building a competitive optical router are in

nding optical equivalents for functions that are currently purely electrical.

1.1 Optical packet switching

Optical packet switching is an interesting approach for albptical networks,
but requires an optical alternative to random access memotyp succeed. Optical
packet switching (OPS), optical burst switching (OBS), andgeneralized multi-
protocol label switching (GMPLS) are the main possible appaches for the move
from electronics to optics. Of the three, OPS o ers the most eient use of
bandwidth since it is based on the multiplexing of data packs in time in addition
to wavelength and is the closest to current electrical packeswitching (Internet

Protocol (IP)) [7].



1.2 Need for bu ering

Optical packet switching requires contention resolutiondr packets competing
for router resources. A common example is at the router outpyorts where a
stream at a particular wavelength must not have packets thabtverlap in time. If
two packets are in contention, one must either be held backedcted, or dropped.
The option that o ers the least latency and most exibility i s to temporarily hold
the packets in a buer. An ideal bu er would have the memory spce to hold
in nite numbers of packets for an in nite delay time and be randomly accessible.
This would prevent any packet drops and would a ord the abily to closely pack
outgoing streams. Most simply, a bu er can be a variable defa Random access
memory (RAM) is one step more exible by providing the freedm to read stored
data when needed, regardless of physical location and retet to other data.

The most common bu ering con gurations are output bu ering, input bu er-
ing, shared input-output bu ering, shared bu ering, and recirculating bu ering
[8, 9, 10]. These con gurations primarily refer to the plac@ent of the bu ers in
the router. Output bu ers don't su er from head-of-line blo cking found in input
bu ered switches, but are not as scalable. Combined bu erm types and virtual
output queuing (VOQ) have been developed to combine the betsof input and
output bu ering. VOQ bu ering places bu ers for each output at every input,
thereby using the advantages of input bu ering while elimiating the problem of
head-of-line blocking [11]. Figures 1.1 and 1.2 show inpuutput, and VOQ

bu ering.
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Figure 1.1: lllustration of a switch with both input and output bu ering [12].

Figure 1.3(a) is a simplistic example of packet contentionThree packets on
input port 1 and input port 2 are headed to output port A at the same time. With-
out bu ering, three of the six packets must be dropped. Figwr 1.3(b) illustrates
how bu ering can resolve contention. Five of the six packetare delayed such
that the two streams can be combined without packet overlapThe superscript
numbers on the outgoing packets report how much delay was dse

Electrical memory is inexpensive and has a small footpringllowing for large
banks of memory to be placed in routers that a ord plenty of biering capacity
to account for bursts in port congestion. The amount of eledtal memory in the
state-of-the-art Cisco CRS-1 router is 2 gigabytes (GB) of fM in each linecard.
It is randomly accessible and has no storage time limits. Theemount of memory
needed in today's routers is calculated using Equation 1.1here B is the size of

the bu er in the bottleneck router, C is the capacity of the bdtleneck link, and
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Figure 1.2: lllustration of virtual output queuing (VOQ).

RTT is the e ective round-trip delay of packets switched thiough the router [13].

B=C RTT (1.1)

Optical bu ering approaches have dierent limitations than electrical memory
and should not be expected to be equivalent. Many of the samesign rules
must be changed to take advantage of the bene ts of optics amndork around the
drawbacks.

Recent work in bu er sizing shows that without much sacri cein performance,
optical core routers can be equipped with much less memorypeeity than what
is calculated with Equation 1.1. Enachescet al. reported through simulations
that 10-20 packet bu ers may be su cient for 80-90% link utilization if there
are many aggregate ows which can serve to smooth burstineq44]. It can be
seen from Figure 1.4 that for 200 ows, only 10 bu ers per porare needed to
reach 90% throughput. Enachescet al. also report that this should be true

for the common case that the access network is much slower ththe backbone



(@)

(b)
Figure 1.3: (a) lllustration of contention. The shaded squares represtepackets
of data and are labeled with a letter to note the intended outpt port and a
subscript to note the input port from which the packet enterd. (b) Illustration

of contention resolution provided by bu ering. The supersgpts note the number
of time slots that the packet was bu ered.

[14]. These results indicate that optical bu ering may be pactical sooner than

previously believed.

1.3 LASOR architecture

The optical bu ers developed in this thesis are designed toebintegrated into
a 100 Th/s LAbel Switched Optical Router (LASOR), which is spnsored by the
Defense Advanced Research Project Agency's Microsystenechinologies O ce's
(DARPA MTO) DoD-N (Data in the Optical Domain) Program. The L ASOR

router will implement optical packet switching and will swich 40 Gb/s asyn-



Figure 1.4: Throughput increases at a faster rate with the number of bu es if
there are more ows [14].

chronous, variable length packets. The packet labels aredhonly data which
undergoes optical-to-electrical conversion. The bit ratef the labels is 10 Gb/s to

allow for slightly slower electronics and label read/write[6]. The packet content

is shown in Figure 1.5.

Figure 1.5: Packet content showing 10 Gb/s header and 40 Gb/s variablergth
payloads [15].

The LASOR optical router will implement InP-based wavelenth converters

with an arrayed waveguide grating router (AWGR) to perform @acket forward-



ing and use random access packet bu ering to resolve contemt. The router
schematic is shown in Figure 1.6. The bu ers are controlledyba central arbiter
which makes decisions to bu er after examining the packet allesses to check for
contention. The bu ers play a critical role, allowing for mwh greater throughput

and less packet drops.

Figure 1.6: Schematic of the LASOR team optical router. The acronyms are
as follows: PED is payload envelope detect, CDR is clock datacovery, Deser is
for deserializer, Sync is for synchronizer, PFC stands foapket forwarding chip,
AWGR is arrayed waveguide grating router, and 3R is for 3R remeration.

The LASOR router will switch asynchronous, variable lengttpackets for high
throughput and network exibility, thereby requiring the u se of a synchronizer.
In asynchronous packet arrival, packets will be misalignet the local clock and
one another. For e cient switching and bu ering, and high throughput, it is ad-
vantageous to synchronize the packets to time slots. This fdeen demonstrated
autonomously [16]. Synchronizers will be placed before thel ers in the LA-

SOR switch. The functions of the synchronizers and bu ers arshown in Figures

1.7(a) and 1.7(b).
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(b)

Figure 1.7: (a) The operation of a synchronized bu er. (b) The outcome othe
packet synchronization and bu ering.

1.4 Integrated InP-based optical random access

memory (ORAM)

Integrated InP-based ORAM was chosen as the optimal apprdaéor the LA-
SOR program and | believe it is the most promising choice fouture optical
routers. The bu er built for this thesis is based on an InP tweby-two ampli er
gate array switch and a low loss silica waveguide delay, inghsimple con gura-
tion shown below in Figure 1.8. The device can be used as a reglating bu er
and concatenated to form a bu er for simultaneous storage ohultiple packets,
as shown in Figure 1.9 . The recirculating bu er is a compactadution for ran-

dom access memory. It can be used either as a FIFO (rst in rsut) bu er



for simplistic device use, or it can allow for packets to be +erdered if priorities
are given to packets. The demonstrations in this thesis shoiie success of the
recirculating optical random access memory, not only forrmiple packet storage,

but also for autonomous contention resolution.

Figure 1.8: lllustration of a simple bu er comprised of a 2x2 switch and dlay
line.

Figure 1.9: lllustration of an array of bu er elements for multiple packet storage.

A major strength of the bu er presented in this thesis is the exibility of the
device. The simple memory element can be used as a feedbackeed-forward
bu er and needs only slight modi cations to allow for separte read and write
buses and speed-up. Although feedback bu ers benet from amaller footprint
and component count, the recirculating bu er can place a catriction on packet
length. However, by building an array of the presented memgrelements shown
above for multiple packet storage, the devices can also besdsfor longer packets
with the same devices (Figure 1.10(a)). The devices can alse recon gured for

strict feed-forward operation (Figures 1.10(b). Another mall modi cation with
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big impact combines two switches with one loop, thereby aillng the bu er to
become a dual port bu er (Figure 1.11). The dual port bu er alows packets to
be taken out of memory even while other packets pass throughhis con guration
also allows for speed-up, where the rate that packets thateswitched is higher
than that of the switch input channels [8]. Figure 1.12 showan illustration
in which two switches, or optical data routers (ODR) are usedn parallel and

enabled by dual port bu ers to achieve a speed-up factor of 217].

(@)

(b)
Figure 1.10: (a) lllustration of an array of bu er elements used for longepackets.
(b) Nlustration of a di erent switch arrangement using the same components to
build a feed-forward bu er.
The concept of optical random access memory using switchesdadelay lines
has existed for decades, but this thesis presents the rsttegrated ORAM. The
device marks a key step in making optical bu ering practicafor large terabit per

second optical routers. This practical nature was shown witthe rst demonstra-

tions of autonomous bu er control. The bu er will also be a pat of a larger tech-
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Figure 1.11: |lllustration a dual port bu er, useful for simultaneous real/write
and speed-up.

Figure 1.12: Schematic of the use of a dual port bu er for speed-up of a swf,
where ODR is optical data router.

nological development. The LASOR program has already metegt achievements
in becoming the rst demonstration of asynchronous, varidle packet length, 40
Gbl/s, 2x2 optical packet switching [15]. While pushing the evelopment of packet
switching, the LASOR program simultaneously pushes integtion, incorporating

the use of monolithically integrated wavelength converterand label rewrite mod-
ulators [18]. With the addition of autonomous bu ering, the LASOR packet
switch will reach an important milestone in the pursuit of a pactical all-optical

router.
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1.5 Thesis structure

This thesis covers the development, design, fabricationharacterization and
testing of the rst photonic chip optical bu er. The thesis begins by presenting
the bene ts of this approach over alternative bu ering tecmologies; largely con-
centrating on slow light and integrated delay line bu ers. The next two chapters
cover the design and characterization of the switch and si& delay line, the two
components that make up the optical bu ers that are the subjet of this thesis.
The demonstration of the optical bu ers themselves are cowed in Chapter 5,
which shows the success of the stand alone bu ers. Howevehettrue test of
the bu ers is in resolving packet contention. The results ofwo experiments us-
ing multiple integrated bu ers are presented in Chapter 6. Ahough small-scale
demonstrations show 98% packet recovery for 64 ns of storapee, the future
success of this approach will rely on longer maximum storagienes. Chapter 7
introduces the most important areas for improvement and peents several solu-
tions to the issues encountered in the thesis devices. LgsiChapter 8 will review

the results and cover the contributions made by this thesis.
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Chapter 2

Optical Bu ering Approaches

The most promising optical bu ering approaches and their iitations can be
revealed by examining the main goal of optical bu ering: eraing optical router
technology that will be competitive with electronic routes. The requirements for
a successful bu er presented here stem primarily from the siem level. While
some of the requirements are black and white, others are hardto standardize
guantitatively, such as complexity and footprint. Despitethis, the arguments
here make the case that integrated recirculating bu ers ar¢he only approach
that o ers near-term success. In this chapter, the explicibu ering requirements

are reviewed and the most prominent optical bu ering approehes are compared.

2.1 Optical bu er requirements

Above all else, the intended optical memory technology shlaube examined
to verify that it can bu er data from practical packet streams. For acceptable
network loads, bu ers should have the capability to store pekets of no less than

40 bytes with guard bands no more than several nanosecondado Packet pay-
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load length is one of the more di cult challenges for many buering approaches,
but unless the ratio of the payload length to the overhead ofhe header and
guardbands is reasonable, optical bu ers and packet switek will not a ord an
advantage. In addition, it is desirable to require less head processing for a given
amount of payload. In order to accommodate short guard bandbu ers must be
able to switch or reset in less than several nanoseconds. Timaximum storage
time must also be checked; bu ering can be accomplished ornifythe device can
impart a delay of at least the length of the packet payload. Té bu ering de-
vice must also perform well at high bit rates of 40 Gb/s and geder to o er an
advantage over electrical domain counterparts. As is reqed of any component,
the bu er device must remain within the allotted dispersionand optical power
penalty budgets.

Along with the above quantitative requirements, there are @ditional consid-
erations that increase the probability of success of a giveptical bu er approach.
As usual, low cost is a main issue. Optical packet switches stuower the cost
per bit for data transmission to make them advantageous. Itsialso necessary
that optical bu ers have low power consumption, low heat prduction, and a
small footprint - the main challenges facing the scalabiljit of electronic routers.
For both cost and footprint, it is obviously important that t he number and com-
plexity of components included in a given bu er architectue must be kept to a
minimum. In order to make the optical bu er more exible, it i s desirable for

the bu er to be transparent to packet length and to provide dyamically variable
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storage time. Each consideration must be weighed when deyghg an optical
buer. The requirements are summarized in Table 2.1. The flwing study
assumes that the bu ers do not include any regeneration. Themits would be

greatly reduced if 3R regeneration was incorporated into ghdesign.

Figure 2.1: Summary of bu er quantitative and qualitative requirements for an
optical router.

2.2 Approaches

In this section we review the advantages and limitations ofne most promis-
ing and prominent optical router bu ering approaches. The b ering approaches
can be grouped into three subsets: two types of transparenptical bu ering ap-
proaches and one approach based on the electrical conversid packets. Trans-
parent optical bu ering approaches rely on delaying packstby increasing total
transmission time, either by decreasing the group velocit{slow light bu ers),

or increasing the physical length (delay line bu ers). Slowight bu ers can be
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divided into two types; devices using material-based resances and those using
coupled resonant structures (CRS). Delay line bu ers are ab categorized into
two subsets; feed forward and feedback.

Slowing mechanisms proposed for optical bu ers use strongsonances be-
tween electromagnetic waves (CRS) or between an electromatic eld and a
polarizable medium (material-based). Examples of the twoypes are shown in
Figure 2.2(a) and Figure 2.2(b). In CRS such as gratings anchptonic crystal
defects, the group velocity is reduced by lengthening theght path through re-
peated re ections; the group velocity decreases drastitalin the vicinity of the
photonic bandgap. The band structure for polarizable mediau ers looks very
similar to that of the appropriate CRS dispersion curve withbandgaps created
from strong material resonances. For the application of ol bu ering, electro-
magnetically induced transparency (EIT) devices using resances with exciton
excitations in semiconductors are studied for their compatess. Population os-
cillation is an alternative material-based slow light techology similar to EIT. It
uses a carrier population grating to create the material-ls&d resonance. A more
detailed overview of slow light bu er mechanisms can be fodnin [1]-[2].

Delay line bu ers provide a practical solution and have demustrated the best
results. The two types are shown in Figure 2.3(a)-2.3(b). Dain a feed-forward
bu er is sent through a given delay line only once. The bu ersnust therefore use
the same number of delay lines as the desired variation in dgltimes. Feedback

bu ers are operated to use the same delay line repeatedly. mfeedback bu er
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Figure 2.2: (a) A photonic crystal waveguide - an example of a coupled @sator
structure that can be used for slow light. (b) Energy levels noviding resonances
for electromagnetically induced transparency.

the length of the delay line determines the resolution of psible delays and in
general should be made the length of the packet payload. Theimber of delay
variations and maximum storage time are determined by the nxamum number

of recirculations.

(@) (b)

Figure 2.3: Schematics of (a) feed-forward and (b) feedback bu ers.

2.2.1 Electrical memory

Before comparing transparent optical bu ers, it is necessg to consider the
challenges in the electrical domain. Although speed appe&ap limit the scalability
of electrical RAM, recent research shows that silicon-ba3€CMOS RAM can be
used as a storage medium for optical packets at data rates up 40 Gb/s by using

a combination of optical and electrical components (Figure2.4) [3]. Because
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bits are stored electronically, such a design o ers very lgnstorage times, large
capacity, and random access at arbitrary times. However, 46 and component
complexity has limited the design to packets of less than 1¢tes [3]. The bu er
uses serial to parallel conversion of packets, and therefoeach packet must be
split into the same number of streams as bits in the packet. Ehmaximum amount
of splitting, and therefore maximum number of bits is deternmed by the amount
of power needed to accurately read the bits. The restrictioon maximum packet

size greatly limits the maximum load of the network.

Figure 2.4: Photonic RAM schematic [3].

2.2.2 Slow light

Slow light devices o er many desirable higher-level advaages, but the fun-
damental limitations that are outlined here will inhibit th eir use as bu ers. Slow
light bu ers are heavily researched because they potentlglo er a compact so-
lution that has continuously variable storage times and cahandle asynchronous
packets of varying lengths. However, dispersion, bandwtiit and loss are funda-

mental issues that will limit the use of slow light devices abu ers.
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Slow light shows promising results if data rate and packet igth are ignored.
Figure 2.5 shows the relative compactness and loss tradeda variations on
slow light compared to integrated feedback bu ers. Electnmagnetically induced
transparency under extreme cooling (7 K) and ideal coupleagsonators show the
best results in this gure because of the large degree of siag they impart.
However, the three regions show a lot of overlap in terms oféhdegree of delay
per loss, despite the very large e ective group index of thdasv light methods.
This is due to very high losses which will end up being one ofdHimiting factors.
Figure 2.5 uses recent results in the eld for the lowest pr@mation losses and the
highest indices of refraction. The best slowing results wercommonly obtained
using optimal pulses in short devices. The data used for theyure is presented in

Table 2.6.

Figure 2.5: Size and loss tradeo s for slow light bu ers compared to fedxhck
bu ers. An ideal bu er would be small and low loss, putting it at the top right
of the plot.
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Figure 2.6: Comparison of propagation loss and index of refraction.

In order to quantify the limitations for slow light bu ers wi th given data rates
and packet lengths, equations are presented relating thedex and operable bit
rates with these parameters. The same relationships weresaldeveloped for
basic recirculating bu ers for comparison. The recirculahg bu er simply has
a constant index across the bit rate range. Therefore, disgson places only a
limit on the storage time. However, the maximum and minimum h rates can be
de ned by the dispersion limit and practical size limit with several assumptions.
The simple equation,

BLjDj4 =1; (2.1)

is used to nd the approximate dispersion limit by choosing @onservative length
of 10 meters for the total maximum bu er delay. The value usedor the second
order dispersion, D, is 900 ps/nnkm for silicon waveguides [4] and 50 ps/nrim

for silica (measured). Along with a spectral source width a2 nanometers, this
yields a limit of up to 50 Gb/s for silicon and 1 Tb/s for silicawaveguide delays.
There also exists a minimum bit rate for a practical, integreed recirculating bu er.

The length of the delay line must be longer than the size of thgacket, but also

must be short enough such that the loss block is not too larg&herefore, for a
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packet length of 10 bits and a maximum single circulation lgjth of 2 meters, the
bit rate must not be less than 500 Mb/s for silicon and 1 Gb/s fosilica. For a
packet length of 200 bits, the minimum bit rate increases toQLGb/s and 20 Gb/s

for silicon and silica respectively. These results are latsummarized in Table 2.7.

Figure 2.7: Comparison of operable bit rates.

The largest limiting factor for electromagnetically indued transparency is the
transparency bandwidth, however we demonstrate here thatven if this issue
is resolved, dispersion will still greatly limit the deviceperformance. Although
second-order dispersion is eliminated through the use ofitwresonances in EIT,
third-order dispersion must still be considered. As bit ra¢ or length increases,
less dispersion is allowable and therefore not as much slowiis possible. These
parameters determine the allowable dispersion and theregéothe maximum group
index. The equations for maximum propagation in the preseecof third-order
dispersion, calculating third-order dispersion, and EIT gup index are taken from
[1] and shown below.

B[ sLmax]*2=0:324 (2.2)

(2.3)



2
Ng=n+n—2 (2.4)

The three equations are combined to yield the relationshipdiween EIT group
index and bit rate.
ng=n 1+ —2Fp_ (2.5)
» is the plasma frequency and is estimated to be approximate®/10** Hz using
a value of 21 Angstroms for ,;=efrom [3]. The minimum bit rate is determined
from the maximum time delay due to coherence time and the pagklength [1].
Population oscillation is studied as an alternative to elémmagnetically in-
duced transparency due to its larger linewidth, however itsidemonstrated that it
is still too narrow to be used in a practical bu er. The equatbn for the slow-down

factor and optical transfer function are taken from referece [2].

S(l o) = :_i+ Cnl'i(l':) (2.6)
s
' 348 _ In(2) .
I, L (to) @7)

Together they yield the equation for the maximum group indexas a function of

bit rate and packet length.

1 ¢ ('oIn(2).

=162 N B

(2.8)

An approximate value of 16 m ! is taken from reference [5] for the absorption
dip depth.
Third-order dispersion is also responsible for limiting t& maximum operable

bit rate in slow light resonator structures. Using the maximim bit rates from
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reference [1], the relationship between index and speed i®ln.

B max nZ = 1
B Ng?

[ERN
(]

Ng=n (2.9)

n n n
In % +in[2 1+ 1 — ]

n. n Ng

The minimum bit rate for the resonators is determined by the mximum time
delay and the packet length. The maximum time delay is determed from the
waveguide loss at the point where half of the optical power dissipated [1].
Figure 2.8(a) plots the previous equations to demonstratdnat bit rate greatly
restricts both subsets of slow light approaches. Materiddased resonator devices
and coupled resonator structures are limited by linewidth rad third-order disper-
sion as bit rate increases and by dephasing (loss) for low Ibétes. It can also be
seen that as the bit rate increases, the index of refractioredreases. The maxi-
mum bit rate is the point at which it is no longer possible to shject the data to
the dispersive slowing phenomena without damaging the datdntegrated recir-
culating bu ers implementing either silicon or silica delg lines are limited at low
bit rates due to practical size considerations and limitechilength by second-order
dispersion. Figure 2.8(b) shows the e ect of requiring opability for more reason-
able packet lengths of 200 bits (25 bytes). Although this p&et length is still not
long enough for reasonable throughput, it is close to the mamum length that can
be used with any slow light approach - only an ideal coupled senator structure
would be able to operate in this regime. The packet length daes the minimum
required delay time to perform the bu ering needed to resobs contention and

therefore the minimum length of the device. As the device bemes longer, less
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Figure 2.8: Maximum index as a function of bit rate for (a) 10 bit packets ad
(b) 200 bit packets.

dispersion is acceptable. Figure 2.9 shows the maximum siog achievable with
increasing packet length; demonstrating the strong decrsa in performance as
delay time increases. However, it is clear from the gures #t integrated recir-
culating bu ers are a suitable approach, capable of operaigy at the required bit

rates and packet lengths.
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Figure 2.9: Index as a function of packet length at the minimum operableib
rate.

2.2.3 Delay line

Over the last decade there have been several bu er architeces that have
achieved good results, but whose success will be limited bgher large component
counts or component complexity. Optical storage of at leasd.1 ms has been
demonstrated using feed-forward architectures such as éded-path bu er [6] and
ber Bragg gratings [7], as well as feedback architecturesmploying parametric
nonlinearity in ber [8] and ber nonlinear loop mirrors [9]. High data rate
results were achieved as early as 1998 using a compensatibgr loop bu er to
achieve 20 s of storage at 40 Gb/s [10]. However, scalability, footprin and
power consumption are large issues for future core routersquiring at least 5

bu ers for each of more than 16 ports.
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Feedback bu ers are bene cial for their low component counand small foot-
print. Thus far, integrated switches as developed by our gup [11] and Chiet
al. [12] show promise of o ering a practical solution. Recircating bu ers meet
all necessary requirements. Limitations resulting from nee accumulation can be
reduced with optical Itering, as is performed in optical transmission systems.
Although feedback bu ers are optimized for a set packet lernl, solutions are
being examined to manage this issue externally (Chapter 8Most importantly,
the optical bu er design reported in this thesis o ers a soltion that combines a
compact footprint while allowing practical throughput. In addition, the feedback
bu er is the only approach which can be easily con gured to cer simultaneous

reading and writing as well as speed-up, as was discussed tma@ter 1.

2.2.4 Approach comparisons

The technologies for optical bu ering that are amenable tortegration are
compared in Table 2.10. This table demonstrates the di culy in nding a suc-
cessful bu ering approach. Slow light bu ers would degradaetwork performance
by limiting packet length and therefore network load. The tehnologies su er from
losses and dispersion which yield a low bandwidth-delay mtoct. This results in
impractical bit rates and capacities. Feed-forward bu erdrave shown good results
and do not place any limit on packet lengths, but may be impratal for imple-
mentation due to high component counts. Combination eledtral-optical bu ers

using CMOS photonic RAM are also impractical due to componértount and
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complexity. Lastly, the optical bu ers presented in this thesis provide a compact
solution for integration. They are demonstrated in a feedlwk con guration, but
may also be concatenated to build a feed-forward bu er thatan be used for

variable length packets, thereby yielding a exible and pretical solution.

Figure 2.10: Overall comparisons of bu er approaches. * Density taken af00
Gb/s, the largest bit rate used for comparable slow light desity calculations.

2.3 Buering results

The reported bu ering demonstrations thus far have been lited to only
multi-component delay line bu ers, but the performance haveen promising. The
results in the literature show that recirculating bu ers can achieve many circu-
lations and long storage times if they are well-designed. €hbest experimental
bu ering results are shown below in Table 2.11, showing thapast approaches

have performed well, but a compact solution has yet to be demstrated.
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Figure 2.11: Bu ering demonstrations with the best results, where converter
is short for wavelength converter.

2.4 Conclusions

Delay line bu ers dominate the proposed bu ering approachein both promise
and experimental demonstrations, but must be integrated lfere they pose a re-
alistic optical bu ering solution. Solutions must addressintegration in order to
lower cost and improve performance and reliability. Slowdht bu ers are inter-
esting in the push to reduce footprint, but are met with fundanental limitations,
largely in the form of a bandwidth-delay limit. The photonic chip optical bu er
presented in this thesis is therefore highly important andye believe, the best

solution for optical bu ering at this time.
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Chapter 3

InP two-by-two switch

The performance of the optical bu ering approach presenteth the previous
chapter relies on the ability to design and fabricate a highxinction, low loss, fast
two-by-two switch. The LASOR project has shaped several ohé requirements
placed on the bu er and therefore the two-by-two switch, butmost are necessary
for the development of a bu er that could populate a competitve optical router.
Optical packet switching was described in Chapter 1 and is stsmed in the design
of the switch and complete bu er. The switch presented here eets and exceeds

all of the requirements.

3.1 Switch requirements

The two-by-two switch must a ord negligible power penalty br data rates
40 Gb/s and above, be able to switch within packet guard band& 2 ns), have
high extinction ratios (>40 dB) for cascadability [1], and provide enough gain
to compensate for its own insertion loss as well as that of tigelay loop. The

requirement on bit rate comes from the system level, but algorovides benet at
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the component level. As mentioned previously, optical roets hold promise to
o er benet in power and footprint for data rates for 40 Gb/s and above. For

lower bit rates electronic routers are a better solution, ths making optical bu ers

at lower bit rate of no practical value. The higher bit rate wil also allow optical

bu ers to store packets in smaller lengths. At 40 Gb/s a 40-ktg packet is 8 ns
long, while at 10 Gb/s it would be 4 times longer and require @r 32 ns of delay
loop length. This delay length would greatly increase the laped loss and reduce
overall performance.

The second requirement on switching times is necessary fohigher ratio of
payload data to overhead in order to maintain good throughpu The minimum IP
packet size of 40 bytes will be used with this bu er approachBy forbidding longer
packets, the throughput is already reduced. Throughput is metric for the amount
of work performed in time, in this case the percentage of spadaken by data
payloads. Longer guard bands, headers, and labels all redutiroughput. It is
necessary that data can be packed closely together for e aieuse of capacity. The
bu er should not limit the reduction of guard band lengths ard should therefore
conservatively be able to switch in 1 ns.

Lastly, the switch must have high extinction and plenty of gan to maintain
a high optical signal-to-noise ratio (OSNR). The recirculdng bu er architecture
is equivalent to the cascading of several switches. Leakagiethe signal can be
multiplied in the loop, adversely a ecting the data. Extinction ratio is the dif-

ference between the maximum and minimum power through and ¢hefore can
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be related to crosstalk for some switch architectures. Crstslk is the di erence
in the power in the unintended output port compared with the ntended output
port. A high extinction ratio for the optical bu er switch wi Il lead to low crosstalk
and enable packets of data to co-exist in the switch while ong bu ered and the
other bypasses. Coherent crosstalk would create interfeme between the signal
and leaked bits which will create random uctuations throudpout the signal. In-
coherent crosstalk, while not as detrimental will simply ad to the noise, thereby
lowering the OSNR. The OSNR is also directly related to the aount of gain avail-
able. Insertion loss of any port con guration, especiallyn the loop, will lower the

OSNR. Some insertion loss is allowable, as will be shown in &iter 6.

3.2 Switch material platform

The material platform chosen for the bu er's two-by-two swich was not a re-
quirement, but highly preferable based on project goals, $tory and agility, as well
as performance. Under the LASOR project, several photoniategrated circuits
have been developed using the same platform with the ultimat although long
term, goal of complete monolithic integration. Eventual itegration of a bu er
with the packet forwarding chips (PFCs) and an arrayed wavedde grating router
(AWGR) may be optimistic, but is may be essential. The sharednaterial plat-
form also provides the benet of supplying knowledge of priocharacterizations
as well as reliability. The material platform has shown comstently good results

and passive and active measurements from other LASOR gradeatudents were
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useful for design. This will be discussed further in Sectiah5. Lastly, the o set
guantum well structure a orded ease of fabrication for de fing active and passive
devices (Appendix A) as well as low con nement for higher antiger saturation
powers [2].

The o set quantum well platform for ampli cation of signals at a wavelength
of 1.55 m has been used successfully to integrate basic componenishsas
passive waveguides, ampli ers, tight bends, and spot sizerorerters as well as for
more complicated components such as monolithic wavelengtonverters [3, 4].
Ampli ers and the passive components listed above were us&d the design of
the bu er switch and will be covered in this thesis. lllustraions are provided
below in Figure 3.1 for the various component cross section&ppendix A may
be referenced to understand the process required to obtaiach cross section and

for further fabrication details.

Figure 3.1: Waveguide cross-sections for active, passive, and tightrizeregions
showing epitaxial structure.
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3.3 Switch architectures

In the course of this thesis, we examined several options fewitching. The
semiconductor optical ampli er (SOA) gate matrix switch was chosen as the most
promising switch for recirculating bu ers because it has tb highest extinction
ratio while also providing fast switching and inducing litle loss. We also also
evaluated InP-based optical switches using Mach-Zehndentérferometers (MZI),
Michelson interferometers, tunable multimode interferomters (MMI), and electro-
absorption modulators (EAM). The interferometer approacks su er from low
extinction and high crosstalk. The di culty in getting good deconstructive inter-
ference from the MZI is in achieving good phase swing whilesalexactly matching
the power in both arms. Therefore, the design featured addinal control of the
MZI arms using a total of 3 pads for either current injection oto apply a reverse
bias as illustrated in Figure 3.2. Unfortunately, the extirction ratio was still not
su cient. Several MZI designs were fabricated in the rst design generation and
were able to achieve between 13 to 34 dB of extinction and ekhed between
-17 and -39 dB of crosstalk via current injection. The switdhg curves are shown
in Figure 3.3. However, eld-based operation was needed ffast switching and
resulting in only 7 dB of extinction. The RF Mach-Zehnder modlator extinction
ratios achieved by the material platform is commonly around0-15 dB [3, 5].

An alternative to interferometric two-by-two switches aregate matrix switches,
which can provide the extinction that interferometric archtectures lack, but in-

duce much greater losses. The layout of a simple two-by-twatg array is shown

39



Figure 3.2: The simple two-by-two MZI switch tested in the rst generation.

Figure 3.3: Switching results for the MZI using current injection.

in Figures 3.4(a) and 3.4(b). At each input port, the signals split toward both
outputs, and the gating element is opened only on the path tde desired output.
Therefore, the extinction, crosstalk, and switching time @ equal to that of the
gating element. A common gating element is a semiconductoptacal ampli er
(SOA); however, EAMs may also be used. EAMs o er the benet ofrery short
switching times and o er high extinction, but require an addtional quantum well
stack [6]. Although SOAs do not switch as quickly, they can gerally switch in
less than 2 ns depending on the material platform, length, a@nother geometries
[7]. The advantage of an SOA gate matrix is that the ampli erscan make up
for the losses from the splitters and couplers (6 dB for one & and are easy to

fabricate with the preferred material platform.
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Figure 3.4: Schematic of a gate matrix array 2x2 switch implementing MM
splitters and couplers showing (a) the bar state and (b) theross state.

3.4 First generation switch results

The rst successful generation of devices was used to chodee SOA gate
matrix as the optimal switch architecture and provide infomation for the next
generation design. The best results were obtained from th©& gate array design
shown below in Figure 3.5(a). An SEM picture of the device ihewn in Figure
3.5(b). The ultimate success of the device was limited due togh insertion loss,
but the device demonstrated fast switching, high extinctin, and negligible power

penalties as expected [8].

3.4.1 Measurement setup

All of the switch testing was performed on devices that wereoklered and
wirebonded to aluminum nitride submounts and a xed using thermal compound
to a thermoelectric cooler. The optical signal (1556.5 nm)ag modulated using

an SHF 50 Gb/s BERT with RZ 27 1 pseudo-random bit sequence (PRBS) data
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Figure 3.5: (a) Schematic of the rst generation SOA gate matrix switch ad
(b) SEM micrograph of the fabricated switch.

at 40 Gb/s. At 40Gb/s the BERT was limited to a PRBS length of 2’ 1 at the
time of measurement. Measurements for 10 Gb/s were taken fop to 23! 1.
An erbium doped ber ampli er (EDFA), 1.2-nm thin Im bandpa ss Iter, and a
variable optical attenuator were used to control the inputight. Conical-tipped
lensed ber arrays were mounted on translation stages for gpling to and from
the devices. Switching times were measured using contingowave (CW) light
and by modulating the injection current of the gating ampliers using a 3 GHz

HP pattern generator.

3.4.2 Results

Static measurements were performed to verify the high exttion of the switch
and note the gain. The highest crosstalk was -42 dB and the éxguished signal
was buried in ASE at -45 dB below the signal, yielding an extation ratio greater

than 40 dB. The insertion loss of the port con gurations inalding ber-to-chip
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coupling ranges from 4 dB to 26.5 dB, with between 5 and 7 dB afds per port
from ber coupling. The least loss was found for transmissiofrom port 2 to port

3 which included a pre-ampli er and the longest SOAs in the dggn. Increasing
the wavelength to the gain peak of 1575 nm provided 3 dB of esgtrgain. The
gain peak was longer than desired due to heating, which is piaily due to high

contact metal resistance.

The sensitivity degradation for the four port con gurations at 40 Gb/s is
shown in Figure 3.6 and exhibits less than 1 dB of power penglfor each port
con guration. The back-to-back measurement was taken as aference for the
system by bypassing the device under test with a ber patch ¢d. The primary
limitation of sensitivity was ampli ed spontaneous emisgin (ASE). The same
measurements were repeated again at 10 Gb/s with NRZ 1 and23 1 PRBS
data to show the in uence of word length. Longer word lengthare expected to
add extra power penalty because of pattern e ects due to ther@sence of longer
strings of zero or one bits. The power penalty fo23? 1 PRBS data is 1 dB,
only 0.25 dB above that found for measurements usirgf 1 PRBS data. The
measurements are shown in Figure 3.7.

The dynamic range of the optical switch was explored by measug BER
curves over a large range of optical input power, and was fodito be greater than
15 dB. The de nition of dynamic range used here is the range aiptical input
powers that have less than 10°) BER while providing less than a 2 dB power

penalty for a pre-ampli ed receiver. At lower powers the OSR is too low to
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Figure 3.7: BER versus optical receiver power for transmission from Po2 to 3
at 10 Gb/s with 27  1(dotted lines) and23! 1 NRZ PRBS.

nd an error-free threshold, while at higher input power theampli ers become
saturated and induce one level noise. Nonlinear gain sattien in SOAS results in
pattern e ects which become more limiting with higher bit-rates such as 10 and 40
Gb/s. Pattern e ects will be explored further in Section 3.5 The power penalties
for two port con gurations at varying optical input powers are shown in Figure

3.8 to exhibit the dynamic range. The curves for the two tranmission paths are

44



similar for lower powers, but as expected, the in uence on thupper power limit

from gain saturation is more signi cant for the path with the pre-ampli er.
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Figure 3.8: Power penalty curves with corresponding oscilloscope tex are
shown for transmission from Port 2 to 3 and Port 1 to 3 for 40 Gl RZ27 1.

As previously noted, recirculating bu er switching must ocur in the guard
bands between packets. Switching times versus optical inppower are shown in
Figure 3.9 for varying gating currents. Higher input powersand gating currents
both yield faster rise times since the photon density levetse closer to that needed
for stimulated emission [9], [10]. However, for this appktion there is no input
power in the switch while switching between packets. Themfe, switching times
will occur on the curve at the limit found for decreasing inptipowers. The rise
times shown in Figure 3.9 are from 20% to 80%. Further switalg measurements

can be found in Section 3.6.3.
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Figure 3.9: Switching rise times as a function of the optical input poweto the
device and injected current.

3.4.3 Conclusions

The rst generation switch veri ed that the architecture would be suitable for
building an optical bu er. The SOA gate matrix could easily svitch in less than 2
ns, provided plenty of extinction, and had a large dynamic rege which would be
very important for recirculations. Several lessons weredmed from the results,
the simplest being that more gain was necessary. This knodfge along with the

simulations that will be covered in the next section yielde@ better switch design.

3.5 Simulations for second generation design

A many-body gain model was used to optimize ampli er lengthfor the SOA
gate matrix switch during bu ering operation. The rst generation of device re-
sults as well as other colleagues' device measurements mevinformation about
gain, but can not easily predict the ampli ers' behavior dumg multiple circu-

lations. Hyundai Park performed simulations using analytial methods early in
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the bu er development to predict that pattern e ects due to ampli er saturation
would be the limiting factor in maximum number of circulatins [11]. Therefore,
although it was necessary for the ampli er lengths to be longnough to achieve
zero insertion loss, it was also important to keep them shotb reduce pattern
e ects and ASE. The simulations directed the design to a goodompromise for
the ampli er lengths.

The base Matlab code is a traveling-wave rate-equation mddeomposed by
Vikrant Lal using many-body gain spectra [12, 13] . A numera method is used
to estimate the carrier dynamics in an SOA and provide the oput signal for
an input bit stream. One of several gain models can be used fitve simulation.
With the exception of one bulk model, all of the models are bad on the standard
o set quantum well platform described in Section 3.2. A modewas chosen that
best t the gain curves from the rst generation of devices. kgure 3.10 shows
gain as a function of current density for two ampli er lengtls, demonstrating
good matching between experiment and theory. The simulatiocode was then
incorporated into a Matlab code which sent a matrix of power rad time values
through the loss elements and SOAs that a bit stream would erpence for a
given bu er storage time.

Each of the ten ampli ers that populate the InP switch were vaied in length in
the simulation tool to nd a successful design. The initial éngths were estimated
based on saturation powers and predicted losses. The dibtrtion of the gain

is important; longer ampli ers can be placed after large Iaselements since the
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Figure 3.10: Gain versus current density comparing experiment (circlgsand
theory (solid line) for two ampli er lengths.

signal power can be greatly ampli ed before reaching satuian. Therefore the
ampli er directly after the delay loop will be one of the longst. However, it is
also bene cial to enter into a large loss element with a lot gbower to maintain
good OSNR. The ampli er before the delay is also one of the Igast and is the
only SOA that has a ared waveguide. By aring the waveguide rom 3 microns
wide to 6 microns wide, the saturation output power is raisetty 3 dB [5]. The
disadvantage is that more current is needed and heating iscireased.

Although the overall needed gain is easily approximated, wations are mag-
ni ed with increasing circulations and the simulation toolwas needed to predict
the ultimate ampli er lengths and maximum storage times actevable. During the
initial simulations, the starting lengths were optimized b equalize the provided
gain with the incurred loss. Subsequent simulations were fi@med to better
distribute the gain to reduce pattern e ects. Pattern e ects were measured using
the overshoot of the produced eye diagrams, where overshao®tde ned as the

ratio of the eye opening to the one level noise. Eye diagranw fLO circulations
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are shown in Figure 3.11 for two di erent input powers. As carbe seen in the
gure pattern e ects can be a limiting factor and it was important to design the

ampli er layout with a simulation tool to avoid saturation as much as possible. A
comparison of further simulations with experimental bit steams and eye diagrams

will be presented in Chapter 7.

Figure 3.11: Eye diagrams generated by simulations used for second gextiem
design. The ampli ers were limited to no more than 650 micralong and were
designed to yield slightly more gain than loss.

The many-body gain model was a good tool for design, but can tneasily
predict the maximum storage time for error-free packet regery. Although the
simulated bit stream begins with a given extinction ratio, he zero level noise is
underestimated. ASE from the ampli ers is not calculated ad is the limiting

factor in the end. In addition, the OSNR at which packets wereo longer error-

free is an estimation at best.
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3.6 Second generation switch results

The second generation switch design used the lessons from tfst switches as
well as the simulation work to end up with an InP-based two-bywo switch that
meets all of the requirements. The testing covered all of treame measurements
as the rst generation to characterize the switch before usg it for bu ering

demonstrations.

3.6.1 Device design

The optimization of the ampli er lengths and the rearrangenent of the waveg-
uides resulted in a switch that would be suitable for the bu estructure. For this
generation, all of the switches had four ampli ers for pre-r@d post-ampli cation
in addition to 6 switching ampli ers. The ampli ers ranged in length from 250
microns long for switching to a 650 micron long ampli er for he port heading
to the delay. A new component in the design was the tightly coning, deeply
etched bend to avoid crossing waveguides while allowing theput and output
ports to be positioned on the side opposite to the delay port§he deeply etched
90 degree bends are shown in the inset of Figure 3.12(b). Thehematic of the

new switch design is shown in Figure 3.12(a).

3.6.2 Measurement setup

Again, all of the testing was performed on devices that werelslered and

wirebonded to aluminum nitride submounts and a xed with thermal compound
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(b)

Figure 3.12: (a) Schematic of second generation SOA gate matrix switch dn
(b) SEM micrograph of the fabricated switch.

to a copper mount. The submounts were cooled to approximajell8 degrees
C. Lensed bers were used to couple light on and o the chip atach of the
four ports. The optical signal (1550 nm) was modulated usingn SHF 50 Gb/s
BERT with RZ 23! 1 pseudo-random bit sequence (PRBS) data at 40 Gb/s. A
variable attenuator and a polarization controller were pleed in the setup before
the device to maintain a TE-polarized input since the quantm well ampli ers are
polarization dependent. A 1.2-nm bandpass Iter was placellefore the receiver

to reduce the ASE.
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3.6.3 Results

Static measurements and bit error rate testing were perfored using contin-
uous data at 40 Gb/s to characterize the performance of the @and generation
switches. The chip gain from the input port ber to the delay ber was ranged
from O to 2 dB for the port con gurations, a vast improvement @er the rst
generation. The gain peak was again shifted to longer wavetghs, as shown in
Figure 3.13 as a result of heating. The gain of the ampli ers a measured for
increasing power and the 1-dB gain compression was an inpuiveer of -8 dBm for
a 650-micron long ampli er and -3 dBm for a 450 micron long antiper (Figure

3.14).

Figure 3.13: Wavelength dependence of the gain. Input power was -11 dBm.
CW signal was transmitted through 1 circulation (total of 6 anpli ers) in silica
delay chip.

Sub-nanosecond switching was implemented using a signahweerting board

designed to provide constant current when turning on amplers quickly. The
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Figure 3.14: Gain compression for two ampli er lengths. The applied cuent
was 90 and 80 mA for the longer and shorter ampli ers, respectly.

switching rise and fall times were measured using a fast ploatetector and os-
cilloscope and were 1 ns or less for the longest ampli er (kige 3.15). The
switching time varied by less than 150 ps with optical input pwer, an important
characteristic for a recirculating device, but were showrotdecrease dramatically
with increased current. The switching times are shown in Figes 3.16(a) and
3.16(b).

The smallest extinction ratio measured for a short gating apii er length of
200 microns was 38 dB. A 40 Gb/s signal with an average input per of 0 dBm
was transmitted through the input port to the output port. Th e received power
was sent to an optical spectrum analyzer (OSA). The rst OSA @een capture
(Figure 3.17(a)) is the output signal with all of the ampli ers in the path turned

on. The second OSA screen capture (Figure 3.17(b)) shows tleaked output
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Figure 3.15: Switching rise and fall times captured on the oscilloscoperfthe
second generation of devices. The time scale is 2 ns/divisio

signal when the shortest gating ampli er (200 microns) tured o to absorb the
light.

The sensitivity degradation for the four port con gurations at 40 Gb/s is shown
in Figure 3.18, demonstrating excellent performance. Theabk-to-back measure-
ment was taken as a reference for the system by bypassing otilg device under
test with a ber patch cord. The measurements show negativeqwer penalty due
to reshaping from the ampli ers and the bandpass Iter useda reduce the accu-
mulated ASE. The dynamic range of the input power is shown b®l in Figure

3.19 and is once again greater than 15 dB.

3.6.4 Conclusions

An InP-based SOA gate matrix was fabricated and demonstratiesub-nanosecond
switching, ber-to- ber gain, over 40 dB of extinction, and negative power penalty
at 40 Gb/s. Although ASE and pattern e ects limit the optical input power at

the low and high ends, the switch induced less than 2 dB of pomwpenalty over
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a 15 dB range. This metric and the extinction ratio will be ctiical for the cas-
caded operation the switch will experience during recircations. The switch was
characterized to nd optimal operation points for optical ku ering. The bu ering

results are presented in Chapters 6 and 7.
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(b)

Figure 3.16: (@) Rise (outlined light markers) and fall ( lled markers) times for
a 400 micron long ampli er (circles) and a 500 micron long antiger (squares) (b)
Switching times as a function of current.
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@) (b)

Figure 3.17: (a) OSA screen shot with all path ampli ers on. (b) OSA screen
shot with shortest gating ampli er turned o .

Figure 3.18: Sensitivity degradation for four port con gurations at 40 Go/s with
2%1-1 PRBS.

Figure 3.19: Input power dynamic range and oscilloscope screen shots daf b
streams for a signal traveling from the input port to the delg port.

57



References

[1]

2]

[3]

[4]

[5]

C. Larsen and M. Gustavsson, \Linear crosstalk in 4 4 seodnductor opti-
cal ampli er gate switch matrix,” Journal of Lightwave Technologyvol. 15,

pp. 1865{1870, October 1997.

B. Mason, J. Barton, G. Fish, L. Coldren, and S. DenbaardDesign of sam-
pled grating DBR lasers with integrated semiconductor optial ampli ers,"

Photonics Technology Letters, IEEEvol. 12, pp. 762{764, July 2000.

J. Barton, The integration of Mach-Zehnder modulators with sampledajmg

DBR lasers PhD thesis, University of California at Santa Barbara, 200.

M. L. Masanovic,Wavelength-agile photonic integrated circuits for all-dal
wavelength conversiarPhD thesis, University of California at Santa Barbara,

2004.

A. M. T. Pedretti, Monolithic separate absorption and modulation Mach-
Zehnder wavelength converter$hD thesis, University of California at Santa

Barbara, 2007.

58



[6]

[7]

[8]

[9]

[10]

[11]

[12]

M. N. Sysak,Monolithically integrated wavelength converters using aidl well
integration platform. PhD thesis, University of California at Santa Barbara,

2005.

C. Gallep and E. Conforti, \Reduction of semiconductor ptical ampli er
switching times by preimpulse step-injected current techque,” Photonics

Technology Letters, IEEE vol. 14, pp. 902{904, July 2002.

E. Burmeister and J. Bowers, \Integrated gate matrix swich for optical
packet bu ering,” Photonics Technology Lettersvol. 18, pp. 103{105, Jan-

uary 2006.

A. Ehrhardt, M. Eiselt, G. Grossopf, L. Kuller, R. Ludwig, W. Pieper,
R. Schnabel, and H. Weber, \Semiconductor laser ampli er agptical switch-
ing gate," Journal of Lightwave Technologyvol. 11, pp. 1287{1295, August

1993.

C. Tai and W. Way, \Dynamic range and switching speed liitations of an
NN optical packet switch based on low-gain semiconductor tgal ampli-

ers," Journal of Lightwave Technologyvol. 14, pp. 525{533, April 1996.

H. Park, E. Burmeister, S. Bjorlin, and J. Bowers, \40-®/s optical bu er
design and simulation,” in Proceedings of the 4th International Conference

on Numerical Simulation of Optoelectronic Devicepp. 19{20, August 2004.

V. Lal, Monolithic wavelength converters for high-speed packetitsived opti-

cal networks PhD thesis, University of California at Santa Barbara, 206.

59



[13] V. Lal, W. Donat, A. Pedretti, L. Coldren, D. Blumenthal, and J. Piprek,
\Broadband rate-equation model including many-body gain dr WDM
traveling-wave SOAs," Numerical Simulation of Optoelectronic Devices,

2005, pp. 125{126, September 2005.

60



Chapter 4

Silicon oxynitride delay line

The recirculating loop is the second and only remaining coropent of the
bu er, important for providing nearly transparent delay. The success of this
optical bu ering approach relies on the minimizing of losse thereby requiring
the use of a waveguide delay with very low propagation loss. hiE eliminates
the possibility of building a monolithic bu er as InP passiwe loss is on the order
of 1 dB/mm. Silica-on-silicon waveguides are inexpensivegadily available, and

nearly transparent at the desired wavelengths.

4.1 Delay line requirements

Silicon oxynitride waveguides a ord the passive charactetics that the bu er
requires, while providing a chip-level solution. Recircating bu ers have been
made successfully with ber delay lines, reaching 300 cirations for 40 Gb/s
packets [1]. However, all previous bu ers have been compet of more than a few
components and have no near term chance of integration. Thewous advantage

of integration is in reducing footprint and cost, which willbe key in populating
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optical routers. For example, if 20 bu ers are needed on eagjort of a 1 Th/s
router with 40 Gb/s streams, 500 bu ers will be required. Forpracticality, the
20 bu ers per port should t on a single linecard. Secondly,ntegration through
photonic chips generally lowers cost and improves performee and reliability over
non-integrated solutions [2]. Our hybrid approach is a stefowards large scale
integration, which will be discussed in Chapter 7.

Silica incurs low propagation losses while a ording easylfacation. For short
waveguide lengths such as those connecting photonic intatgd circuit elements,
higher losses are acceptable, but the long delay length reeqad here meant low
losses were necessary. For a practical ratio of useful padodata to overhead
like guard bands and headers, the minimum packet size was s$et40 bytes, non-
coincidentally also the minimum IP packet length. At 40 Gb/sthis packet length
amounts to 8 ns of delay, or almost 1.7 m for a refractive indeof 1.45. In addition,
an extra delay of at least 3 ns is required for switching betwa packets. In order
to remain above the ASE level from the SOAs, less than 30 dB afss should be
induced. With 15-20 dB from coupling alone, less than 10-18Bdor 0.05 dB/cm
should be incurred from delay line propagation. These numiseare achievable
with silicon oxynitride.

Lastly, silica waveguides induce low dispersion, the renmémg requirement
placed on the recirculating bu er delay line element. Any tpe of dispersion can

be detrimental to data and the amount of tolerable dispersio decreases as bit
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rates increase. At 40 Gb/s RZ the pulse width is less than 9 psd only 50

ps/nm is allowable [3].

4.2 Silicon oxynitride waveguide structure

A standard buried ridge waveguide structure provided the reessary low prop-
agation loss at the expense of large bend radii. Silica wawgdes are commonly
de ned using a core that has a slightly higher index due to mernitride incorpo-
ration. The index di erence is therefore low, providing a wakly guided structure.
Weakly guided waveguides have the advantage of low loss, also require larger
bend radii and therefore more real estate. Although the indedi erence can
be increased by increasing the nitrogen content, this ina@ses the propagation
losses. For the nal waveguides, a 0.76% index contrast wasadl and the bottom
cladding, core, and top cladding thicknesses were 13, 5.5dal5 m respectively.

The silica-on-silicon device fabrication is a simple prose and was performed
by ANDevices, Inc. Chemical vapor deposition (CVD) is rst sed to build the
bottom cladding and core layers. After contact lithographyand development,
reactive ion etching (RIE) is used to de ne the waveguides ithe core. CVD is
then used again to cover the waveguide with the top claddinglhe process is per-
formed on a 6" wafer which is subsequently diced and the facatiges are polished.
Although the fabrication process is simple, an outside vendwas chosen to make

the silica-on-silicon to guarantee the purity of the silico oxynitride and achieve
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the lowest possible losses. The waveguide core cross-eacivas approximately 5

by 5 m. A similar structure is shown in Figure 4.1 below.

Figure 4.1: SEM micrograph of a buried silica waveguide, courtesy of NKT
integration [4].

4.3 Delay line design

The foundry's standard waveguide structure was used for thalica delay line,
leaving only the waveguide layout to be designed to minimizesses and footprint.
The structure dictated a minimum bend radius of 6 mm in order d induce 0.1
dB or less for each 90 degree bend. A spiral con guration asasin in Figure
4.2 yielded the smallest chip area while avoiding crossinge waveguides. Nine
di erent layouts were t onto the 6 inch wafer (Figure 4.3). The rst of the
layouts was intended only for passive measurements whichllvibe presented in
the following section. Three sets of spirals will not be disssed in this thesis
as two were designed to couple to synchronizer switches arttetthird set was
for a double bu er. The remaining ve of the spirals were degined for use with

the switches described in Chapter 3. Two lengths and three weguide spacings
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were designed as well as a chip that sacri ced loss for minimufootprint. The

minimum area needed for the delay is 6.472.

Figure 4.2: An example of a spiral layout using small radii to show the deils.

Figure 4.3: A photograph of a six-inch silica wafer with 9 spiral delay tie devices.

A Matlab program was written to automate the spiral design ad layout while
achieving the correct delay line length. As mentioned in Seon 4.1, the delay
line had to be long enough to t an entire packet (8 ns) and the @ditional guard
band time for switching (3 ns). A secondary parameter is thelack cycle of the
electronics which gives the shortest increment of time thahe electronic signaling
can be adjusted. The electronics used for the LASOR team rartand testbeds
have a clock at 155.52 MHz which yields a cycle of 6.43 ns. Thfare, the optimal
delay line length for the bu er and system was 12.86 ns, a mipile of the clock

cycle and just slightly longer than the delay required to hal a 40 Gb/s, 40-byte
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packet. With this information and the desired chip length, aspiral shape could
be generated by the Matlab program. For most of the spiral degs, larger areas

were chosen to reduce the number of spiral loops and therefdrend losses.

4.4  Silica passive measurements

The silica-on-silicon waveguides provide a nearly transpant delay loop. Pas-
sive measurements were taken over a wavelength range fronR35m to 1575
nm for the silica waveguides using an Agilent All-ParameteAnalyzer. Measure-
ments show propagation losses of less than 0.04 dB/cm at 15%® that varied
less than 0.001 dB/cm over the 50 nm span (Figure 4.4). Poladtion depen-
dent loss for 150 cm of waveguide was approximately 1 dB (Figu 4.5(b))and
chromatic dispersion was approximately 130 ps/ntam (Figure 4.5(a)). The
birefringence quoted by the foundry was 0.00001, thereby arty eliminating po-
larization mode dispersion for these short lengths. Thesesasurements show that

the silica waveguides meet the requirements presented inethrst section of this

chapter.

4.5 Integration

The silica waveguides provided a low loss, on-chip delay thaas butt-coupled

to the InP chip as shown in Figure 4.6. Silica a ords the lowasloss of any
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Figure 4.4: The wavelength dependence of loss.

photonic waveguide available. The hybrid integration is a wrking prototype of a

practical optical bu ering approach.
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(b)

Figure 4.5: Dispersion measurements for (a) chromatic dispersion and)(po-
larization dependent loss.
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Figure 4.6: This photograph shows the InP chip on carrier butt-coupledd a
2-m silica delay chip.
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Chapter 5

Bu ering with a ber delay line

A recirculating optical bu er comprised of the InP two-by-two switch with
ampliers and a ber delay demonstrated successful packet@age for up to 8
circulations. This device was used as a prototype to demonate bu ering rst
with a lower loss optical ber delay element before implemeimg a chip delay.
The experiment veri ed that the extinction of the InP switch was high enough
even under fast switching and that factors other than loss watd not limit the
error-free maximum storage time. This approach is not integble, but can be

guite compact with new ber that exhibits very small bend loses.

5.1 Measurement setup

Layer one and layer two measurements were performed on paskieu ered by
the InP devices on carriers. As before, the InP switches weseldered and wire-
bonded to aluminum nitride carriers and then a xed with thermal compound to
a copper mount. The carriers were cooled to approximately 18-20 C, although

heating was less during bu ering as the ampli ers were beingwitched. Switching
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was performed using an arbitrary waveform generator (arb)riggered from the
transmitter. The signals from the arb were converted from JUtage waveforms to
constant current to obtain good switching characteristicaising a printed circuit
board (PCB) board with op-amps.

Bu ering was demonstrated using packets generated by an SHI® Gb/s BERT
with 40 Gb/s payload data. Layer two packet measurements wermade using 40-
byte packets which contained identi er strings for charaatrization. The light was
coupled using lensed bers for the bu er input and output as wll as the delay
loop. The lensed bers used for the delay were each a little @1 m long and were
connected with 2 m patch cord, resulting in approximately 4% cm of ber and 23
ns of delay. A variable attenuator and a polarization contriber were placed in the
setup before the device to maintain a TE-polarized input sce the quantum well
ampli ers are polarization dependent. A 1.2-nm bandpass tér was placed before
the receiver to reduce the ampli ed spontaneous emission $&). A schematic of

the measurement setup is shown in Figure 5.1.

Figure 5.1: Measurement setup including an attenuator, polarizationantroller,
arbitrary waveform generator, and a custom PCB.
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5.2 Results

5.2.1 Layer one

The bu er was characterized and the quality of the stored pdets was initially
studied at the layer one level. These measurements providelpful information,
even though they can not resolve whether received data is erfree. For packet
testing, layer two measurements (Section 5.2.2) must be us® replace standard
bit error rate (BER) measurements.

The optical signal-to-noise ratio (OSNR) was signi cantlylower than the back-
to-back measurement, but exhibited a shallow slope with ineasing humbers of
circulations. The OSNR was measured by taking the di erencen power of the
signal and the noise at a wavelength 1 nm away. These calcutats were done for
a range of the input power to the device for all storage timesdm 1 to 10 circula-
tions. The back-to-back OSNR was 53 dBm. Figure 5.2 shows tlke&perimental
OSNR data overlaid with theoretical calculations based ontaic measurements.
As expected, the OSNR drops by the same value as the input ogdil power. The
di erence in OSNR with increasing number of circulations idue to the build
up of ASE, as already mentioned. The additional ASE was simpkalculated by
measuring the ASE from an output ampli er and multiplying by a factor of 3 to
account for the length of the multiple ampli ers in the recirculation loop. It can
be observed that the t is not as accurate for larger numbersfairculations and

lower input powers. This is due to the growing dominance of AS
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Figure 5.2: The optical-signal-to-noise ratio for varying storage tira of 23 ns up
to 230 ns.

5.2.2 Layer two

The optical recirculating bu er provided storage for up 8 aiculations with
greater than 98% recoverable packets. Packet recovery idsas a Layer 2 metric
that can demonstrate that the data was preserved and predithe bu er's ultimate
success in an all-optical router. The packet recovery metrivas developed by the
LASOR team since there was no standard measurement for packensmission
[1]. It does not look at every bit in the payload, but checks a4 bit string and
recovers a packet only if all 64 bits are correct. This allowthe packets to be
reordered if necessary and for actual data to accompany theenti er string.

Packet recovery measurements veri ed successful bu eringrirst, the dynamic
range of the bu er was tested for 4 circulations and shown toeerror-free over
an 8 dB range of input power (Figure 5.3(a)). This measurememlso served

to determine the optimum operating input power. The bu er wa then tested
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for maximum storage time. Up to 184 ns of bu ering was possiblwith packet

recovery of greater than 98%, as shown in Figure 5.3(b).

(@) (b)

Figure 5.3: (a) Packet recovery measurements for varying input power fa
delay of 4 circulations. (b) Packet recovery percentage asfanction of received
power for back-to-back and 1,8, and 10 circulations.

The primary limitation of this optical bu ering approach is the ASE that
builds up in the recirculation loop, which can be partially #eviated. This has
been found to be the case for other recirculating bu ers as We[2]. This limiting
factor is partially con rmed by the improvement provided by placing a bandpass
Iter into the recirculation loop. The use of a 5-nm lter increases the maximum
storage time to 230 ns, as shown in Figure 6.4. The optical ber could thus
be improved with reduced overall losses, which would allowrfshorter ampli er

lengths and decrease the ASE.

5.3 Conclusions

The InP-based recirculating bu er with a ber delay loop hasbeen demon-

strated with the best results for so few components. The burestored packets for
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Figure 5.4: Improvement shown in packet recovery by using a bandpass dt in
the delay line.

up to 184 ns with greater than 98% packet recovery and was ramaily accessible
in time increments of 23 ns. Although this prototype was not@mpletely on-chip,

it is an inexpensive, compact solution for optical memory.
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Chapter 6

Photonic chip optical bu ering

This chapter presents the rst integrated optical bu er, reporting both device
characteristics and important system level demonstratian Two recirculating
bu ers comprised of InP switches and low loss silica wavegid delays demon-
strated packet storage of up to 5 circulations and were used tooperation to
resolve contention. Integration, whether hybrid or monothic, provides bene ts
in cost, stability, and power [1]. The hybrid bu er presenta in this chapter reaps
only the bene t of stability, but it is a step toward further i ntegration which is

the only promising solution for bu ering in optical routers.

6.1 Results

Layer one and two measurements were repeated for the hybridi br and
showed that although the overall loop gain was higher, lessrer-free circulations
were possible. Many of the same measurements from the lasapter will be
presented with the addition of experimental eye diagrams f@aomparison with the

simulations described in Chapter 3. The measurement setupmained the same
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for the bu er characterization, but was changed signi canly for the contention

resolution demonstration to enable autonomous control.

6.1.1 Layer one

Layer one measurements showed that the InP switch providedare gain for
bu ered packets than the previous generation. As before, tipal signal-to-noise
ratios (OSNR) were measured by taking the di erence in powesf the signal and
the noise at a wavelength 1 nm away. The 40 Gb/s spectrum out tiie device
was not symmetric due to reshaping from the SOAs so the higheSSE values
were used for a worst case value. The measurements were daveafl storage
times from 1 to 8 circulations. The back-to-back OSNR value as 45 dB. The
OSNR out of the bu er drops by approximately 1.1 dB with each tculation due
to the buildup of ASE beginning at about 20 dB worse than the bek-to-back. The
OSNR and gain of the bu er is shown in Figure 6.1. The gain inially increases
with the number of circulations since there is slight gain irthe loop formed by
the InP switch and silica delay. However, the ASE builds withthe number of
circulations and takes away from the gain available for theignal.

The signal spectrum was examined to provide insight into theeshaping per-
formed by the ampli ers which causes the negative power peltias seen in the
switch bit error rate plots. An optical spectrum analyzer (CBA) was used to cap-
ture the spectrum for one through eight circulations. As carbe seen in Figure

6.3, the spectra gets dramatically reshaped for the rst caulation, but changes
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Figure 6.1: OSNR and gain for increasing storage times from 12.6 ns to 180
ns using an integrated bu er.

Figure 6.2: Schematic of measurement setup including an attenuator, [aviza-
tion controller, arbitrary waveform generator, and customPCB.

minimally with additional circulations apart from an increasing noise level. The
change in spectrum can force more of the noise outside of thandwidth of the
1.2 nm bandpass Iter placed before the receiver, thereby selting in improved
signal and negative power penalty.

The semiconductor optical ampli ers were expected to add swe chirp, jitter,
and reshaping to the pulses, but minimal e ects were measute The nonlinearity
of SOAs has been shown to add either negative or positive ghizs well as advance
or delay pulses depending on various parameters [2]. Thenef, the 40 Gb/s
RZ signal was analyzed using an optical sampling oscillopsowith picosecond

resolution after transmission through one circulation oftte photonic chip bu er.
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Figure 6.3: OSA screen shots showing the back-to-back (btb) optical sgteum
and spectra for increasing numbers of circulations. The walength is centered
around 1560 nm and the plot displays 0.5 nm/division.

As can be seen in Figure 6.4, there was little di erence in thpulses. The full
width half maximum (FWHM) pulse width of the signal traveling through the
device was approximately 9.3 ps compared to 9.6 ps for the keo-back, showing
slight compression.

The e ect of any additional chirp was not observed in ber transmission mea-
surements. The optical sampling oscilloscope was used ag@i look at the pulses
after one circulation in the photonic chip buer. However, dter bu ering the
signal was also transmitted over several kilometers of beilNegative chirp causes
a pulse to compress slightly during transmission before dening at a elevated
rate while positive chirp simply causes faster broadeningdzigure 6.5 shows that
there is little noticeable di erence apart from one level nige for untouched 40

Gb/s data and the signal passing through the bu er.
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Figure 6.4. Data taken from a optical sampling oscilloscope for a 40 Gb&gnal
transmitted through the device with and without a 1.2 nm bangbass Iter as well
as several back-to-back curves for comparison.

6.1.2 Layer one simulations

Simulations using the many-body gain model introduced in Gipter 3 were
compared with experimental results to demonstrate the vality of the model. The
model was rst t to the most recent ampli er gain curves, as $iown in Chapter
3, and repeated for two more ampli er lengths here in Figure .6. The model
does not include heating e ects and therefore strays from pgriment for high
current densities. However, the model matches one level s@well, as can be seen
in Figures 6.7 and 6.8. The pattern e ects are easily obsemeén the bit stream
traces, showing that long strings of zeros will lead to a laeg standard deviation of
the one level and therefore a lower Q and higher BER. The bitrgams were taken
from 40 Gb/s, 40 byte packets that were transmitted through pe circulation of

the most recent generation of devices.
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Figure 6.5: Eye diagrams from an optical sampling oscilloscope for sharans-
mission of data traveling through the bu er (left) and the untouched 40 Gb/s
signal (right).

6.1.3 Layer two

Layer two measurements of the photonic chip bu er showed gager than 98%
packet recovery for up to 5 circulations, or 64 ns. InP switgs from several
process runs were tested. The rst switch had slightly lesebp gain, but was able
to reach 3 circulations with packet recovery over 99%. The pket recovery plot is
shown in Figure 6.9(a). The next set of InP switches supplieghore gain and two
operated well at 5 circulations. The packet recovery was av88% and is shown
in Figure 6.9(b). The reduced packet recovery is from the l@wed OSNR as a

result of high loop losses and ASE build up.
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Figure 6.6: Comparison of model (solid line) with experimental gain mesare-
ments (circles) for two ampli er lengths.

6.2 Synchronous bu ering

The rst system demonstration veri ed bu er operation with more realistic
packet streams. Although most laboratory experiments aregoformed with syn-
chronous packet streams, routers receive packets randomiyhis can make the
bu ering more di cult as gating would no longer be able to usea slow clock and
the average bu er times would be longer. A discrete synchraer was built by
John Mack which aligned the incoming packets to the middle dfme slots and
therefore the bu er clock. More information about synchroization can be found
in reference [3]. The packet recovery achieved by the synchized bu er for one
and two circulations are shown in Figures 6.10(a)and 6.10(bAn illustration of

the operation was shown previously in Section 1.3.
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Figure 6.7: Oscilloscope screen shots (left) and simulation resultgght) showing
bit streams after one circulation with device input powers 02, -6, and -14 dBm
top to bottom. The time scale is 0.1 ns/division.

6.3 Autonomous contention resolution

The remaining demonstrations exhibited two hybrid bu ers ooperating to
resolve contention under scheduling control without opetar interference. The
bu ers ran autonomously using a payload envelope detect cuit to discern up-
coming contention, an arbiter to make bu ering decisions, r&d electronic channel
processors to send signals to the bu er device.

Bu er operation without pre-programmed switching was impaotant to demon-
strate that the bu ers would be successful in a larger systenspeci cally a router

linecard. In addition, it simpli ed the testing, which became more di cult with
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Figure 6.8: Simulation results (left) and optical sampling oscillosque eye dia-
grams (right) for one circulation for device input powers of and -6 dBm top to
bottom.

two bu ers operating simultaneously. To enable autonomousperation, half of
the incoming data was split to payload envelope detect (PEDgircuits that give
the two electronic channel processors (ECP) knowledge ofgbat arrival (Figure
6.11). Each ECP sends port requests to the arbiter board (ARBwhich tracks
the packets and makes bu ering decisions. The ECPs send gadi control signals
to the optical bu ers for read, write, or bypass state operaon.

The rst experiment used bu ers on two separate channels to grform con-
tention resolution under autonomous control. A stream of ttee packets was used
to exercise several bu ering states (Figure 6.12). The burs were required to
delay a total of four of the six packets (three packets on eaathannel) in order

to avoid temporal collisions at the output port when the two sreams were com-
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(a) (b)

Figure 6.9: (a) Packet recovery for the photonic chip bu er with lower gan. (b)
Packet recovery for the photonic chip bu er with higher gain

bined. The sensitivity packet measurements show that all plets had greater
than 99.5% packet recovery (Figures 6.13(a) and 6.13(b))eral of the packets
show negative power penalty due to the gating performed by ¢éhswitch which will
decrease the ASE level and also reshaping from the ampli eas seen in device
bit error rate measurements.

The second experiment demonstrated the use of two photonibig bu ers
inline on one channel to provide contention resolution forrmempty channel, and
more importantly show simultaneous multiple packet storag The rmware in the
arbiter was changed to re ect the new positions and roles ohé bu ers, whereas
all hardware remained the same (Figure 6.14). The same streaf three packets
was sent through the rst bu er in which the third packet was bu ered for one
time slot. The stream then passed through the second bu er vith delayed the
rst and third packet for one time slot and the second packetdr two time slots

(Figure 6.15). Greater than 99% packet recovery was measdréor all packets
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(@) (b)

Figure 6.10: Packet recovery measurements for a synchronized bu er for Q,
and 4 circulations for a packet that needs (a) 4.3 ns and (b) @.ns of delay,
provided by a synchronizer.

Figure 6.11: Schematic of autonomous contention resolution system ugirtwo
bu ered channels.

(Figure 6.16). The results for the concatenated bu ers wadightly better than

the parallel bu ers, due to a slightly better alignment that is di cult to repeat.

6.4 Conclusions

The rst photonic chip bu er has been presented with up to 5 diculations and
then used to provide contention resolution in a 40 Gb/s packstream. Forty-byte

packets were stored for 64 ns and were 98% recoverable. Cotit resolution

89



Figure 6.12: Oscilloscope traces of packets at the inputs to the bu er, bar
outputs, and combined output. Packets are 40 bytes long.

(@) (b)

Figure 6.13: Packet recovery measurements for the 2-channel system leve
demonstration.

was provided by two bu ers in two system con gurations. Thes demonstrations
show that the InP-based SOA gate matrix hybrid bu er is a realktic bu ering

technology to overcome a major challenge in optical routeregtelopment.
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Figure 6.14: Schematic of autonomous contention resolution system ugitwo
concatenated bu ers on one channel.

Figure 6.15: Oscilloscope traces of packets before the bu ers, after thm ers,
and at the combined output.

Figure 6.16: Packet recovery for a channel with two bu ers concatenatedof
simultaneous multi-packet memory.
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Chapter 7

ORAM improvements and future
work

Although the photonic chip recirculating bu er has succedslly performed
optical contention resolution, it is not yet viable for a ful scale optical router.
The limitations placed on maximum storage time, packet lertg and polarization
must be examined further. In addition, the footprint, cost,and power should be
reduced, likely through further integration of the silica e&lay and InP switch.

Spot size converters were a major element that was added dwgithe course of
this thesis for performance improvement. The performancd the optical bu er
can be directly improved with spot size converters that redte the coupling losses
between the InP switch and the loop delay. Spot size convertewere designed
to change the mode of a waveguide to better match an input or taut and to
increase tolerances for coupling alignment. Both functienserve to lower coupling
losses. The most common spot size converters are used to raliewaveguide
mode to increase the coupling to a ber. In this case, a spotz& converter was

designed for coupling into a large Gaussian mode which wouldprove coupling
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with both the lensed bers and the silica-on-silicon buriedidge waveguide, being
of especially high importance for the latter. A reduction ofloss would enable
shorter ampli ers, thereby reducing the ampli ed spontaneus emission (ASE)
and in turn increasing the OSNR and allowing for longer stoge times. Spot
size converters will be covered rst and then followed by ppmsed future work for

performance improvement.

7.1 Spot size converter architectures

The optimal spot size converter (SSC) would reduce couplingss while re-
quiring no epitaxial changes, adding no extra fabricationtgps, and tolerating
refractive index and processing variations. Although mangpot size converter de-
signs for InP rib waveguides have been reported with good cpromises between
these requirements, none has achieved wide acceptance [13]2 This is mostly
because there is no widely accepted InP photonic integratedcuit platform. The
lack of a standard platform is also the reason why a new modenserter design
was developed for the optical bu er. Because none of the reped SSCs t the
LASOR epitaxial structure exactly, a new design was compaséased on several
mode converters from the literature.

Spot size converters use tapers to either change the origimaveguide mode or
to force the mode to a di erent waveguide that supports a largr mode. The former
generally requires a change in the vertical con nement whds more di cult than

changes in the horizontal plane. Horizontal tapering of waguide widths can be
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used to cut o the standard rib-loaded thin guide and force te mode into a
lower, larger passive guide. In some cases an anti-re eaigrating is used to
assist in coupling between the guides [4]. For simplicity,udl waveguide mode
converters with transitions induced by only horizontal tagring were considered
for the optical bu er SSC. Several mode converters of this pe are shown in
Figure 7.1. It can be seen that the illustrated mode convente do not di er much

in operation. Coupling losses to ber of around 1-2 dB have lea achieved [5].

Figure 7.1: Various spot size converters starting at the top left with réerence
[1] and clockwise with references [2], [3], and [5].
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7.2 Spot size converter design

Beam propagation method (BPM) software from RSoft can be udereliably
for waveguide and coupling simulations if the user is consatious. The simu-
lation results must be checked to make sure that they are restic. Mesh sizes
and bounds should always be varied to verify that the simul&in results are sta-
ble. Lastly, the dimensions and tolerances of the design ntus with realistic

fabrication processes.

7.2.1 Structure

The spot size converter designed for the optical bu er uses guadratic hor-
izontal taper to force the mode from the standard waveguideota lower guide
vertically con ned by two quaternary layers. The two additional quaternary lay-
ers (1.2Q) are located 0.5 m below the 1.4Q top quaternary and do not a ect
the rest of the device. The extra epitaxial layers are labaleas 'quat’, short for
guaternary, in the illustrations of the cross section of thestandard rib guide in
Figure 7.2. One lithography step is added to the process indar to separately
etch and taper the 1.4Q waveguide layer which holds the mode the upper stan-
dard guide. The ridge and the deep etch layers are also bothedlsto de ne the
spot size converter. The ridge is tapered and cut o to forcehe mode into the
lower waveguide which is horizontally de ned by the deep efic These tapers and
mode evolution are illustrated in Figure 7.3 and the process explained in detail

in Appendix A.
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Figure 7.2: The cross-section of the epitaxial growth showing the addnal thin
guaternary layers for the spot size converter.

7.2.2 Results

The spot size converter design was optimized for good modakdap with a 5

m Gaussian mode shape, low transition loss between wavegsdnd low diver-
gence, but the fabricated devices showed only improved niligament tolerance.
Although the coupling loss was not reduced, the improved tetance and good

near eld images show that the design has promise.

7.3 Fabricated spot size converter

The spot size converters implemented in the InP two-by-twongtch did not im-
prove the best coupling loss, but did show greater tolerante ber misalignment.
It is assumed that extra loss was induced from scattering dimg the transition
between the top and lower waveguides. The experimental lesswere close to the

coupling losses measured without spot size converters andre quite consistent.
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Figure 7.3: The illustration on the left shows the tapering of the ridgewaveguide
layer, and mesa. The leftmost drawings show the mode evolori in the waveguide
as the mode is forced into the lower mesa.

Several scanning electron microscope (SEM) micrographsashown in Figures

7.4(a) and 7.4(b).

(a) (b)
Figure 7.4: SEM micrographs of a spot size converter (a) top view and (b)
cross-section.
The results for the nal design are shown in Table 7.5, compeng the coupling
losses between a ridge waveguide that is simply ared to 5m wide. Although

the results are not as good as the simulations predicted, thaevices are quite
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consistent and there is only a small additional risk asso¢ed with incorporating
the spot size converters into a photonic integrated circuidlesign. Figures 7.6(a),
7.6(b), and 7.7 illustrate the coupling loss as a function ahisalignment for the

standard ares and the spot size converters, both experime and simulated.

Figure 7.5: Comparison of misalignment tolerances and coupling e ciesy for
simulated and experimental values of standard outputs ancst size converters.
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Figure 7.6: The experimental and simulated misalignment tolerances ithe (a)
horizontal and (b) vertical directions.

Near eld photographs are shown in Figures 7.8(a) and 7.8(bijllustrating the
di erence between the output modes from SSCs fabricated in drent runs. The
rst run resulted in very poor coupling due to an etch that wastoo deep. The

picture of a SSC from that run shows that the output is clearlymultimode from
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Figure 7.7: The experimental tolerance to ber misalignment as a functin of
the distance between the lensed ber and the facet, compagrthe use of a spot
size converter and only a ared standard ridge.

a poor transition. The second picture is of an SSC from the smeul fabrication

run and shows a large, slightly oval, single mode.

7.3.1 Spot size converter conclusions

The misalignment tolerance of the InP switch input and outptiwaveguides
was increased with the incorporation of a simple spot sizero@rter. The increase
in tolerance to misalignment is especially important for btt-coupling the InP
waveguides to silica-on-silicon waveguides since two ctiogs are made simulta-
neous in the hybrid bu er. Although the SSC did not lower the oupling losses
it also did not increase them signi cantly. The main cause olosses is likely ra-
diation and scattering from the tapering of the waveguide {gr. The growth or

deposition of a slightly lower index material over the spotise converter tapers
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(a) (b)

Figure 7.8: Near eld photographs of the facet with and without light cowled
for (a) rst set of spot size converters and (b) second set opet size converters

could reduce those losses. Buried spot size converters haghieved good results

and may be worth the additional fabrication steps [6].

7.4 Challenges for future work

Apart from improved spot size converters to decrease coupdi losses, other
improvements must also be made to increase the maximum stgeatime and
tackle other device and system challenges. Several areas ifoprovement are

raised and followed by suggested solutions.

7.4.1 Storage time

The maximum storage time achieved was 8 packet lengths wittber and 5

packet lengths with the on-chip silica delay; small numberfor moderate tra c
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levels. Unfortunately it is di cult to know the e ect of limi ting the storage time as
electrical RAM does not have such limitations. However, thbu er sizing studies
performed at Stanford can provide a starting point; suggeisty that perhaps a
delay equivalent to 20 circulations may be su cient [7].

An increase in storage time is needed for other network codsrations in addi-
tion to tra c needs. The presented bu er can only handle a payoad of 40 bytes
with an additional 4.86 ns for the overhead around the packet In the case of the
LASOR router, guard bands up to 100 ns have been initially nessary due to elec-
tronic processing times. Although the bu er would only needo store 40 bytes,
it must be able to delay the packets by multiples of the longelength, thereby
increasing the necessary storage times. For example, if tggard band is 16 ns,
six silica recirculations could only bu er a packet for thre time slots. Clearly the
guard band needs and the bu er constraints need to both be impved to make
the bu ering a reality. Fortunately, the problem goes away a the control plane

becomes faster.

7.4.2 Packet length

The recirculating bu er using only one delay line places a cwstraint on the
maximum packet size, which would limit network throughput. The throughput
of a network increases with a greater ratio of the payload lgth to the amount
of time spent on overhead such as guard bands and labels. hmtet protocol

(IP) packet lengths start at 40 bytes, but can be as long as 18Cbytes. The
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bu er should be able to handle variable length packets for ®ibility, throughput,
and to accommodate current standards. One of the biggest ahtages of the
photonic chip recirculating bu er presented in this thesisis that it can store 40
bytes packets, which are a standard IP packet size, but the gty for the optical

router to accommodate variable length packets is highly dieable.

7.4.3 Polarization dependence

Polarization dependence arises from the material platforrand inhibits the
performance of the bu er, especially for system use. Strad quantum wells
provide gain primarily to the TE-polarized light [8]. The maerial platform
itself limits the device, resulting in 16 dB of polarizationdependent loss (PDL)
for a loop through the device and back. For device-level andnsll system-level
demonstrations, a polarization controller is all that is neded to maximize the
gain. However, in a system where multiple components are @émtonnected, it
is impractical to install many polarization controllers ard even more impractical

that they must be tuned intermittently.

7.4.4 Practical components

The cost, power consumption, and footprint of the optical ber must be
further reduced in order to provide competition with its eletronic counterpart
and present a viable product with which to populate a terabifper second router.

Integration and packaging are the underlying issues for dliree of these elements.
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The current packaging method is reported in Appendix B and mvides a stable
prototype for early system experiments. Although the methd and hardware
work, the amount of time and skill needed to align and a x the dlica chip is
cost-prohibitive. In addition, the packages are very tall ad wide even though
the chips are thin and relatively narrow. Lastly, the amountof optical power lost
through coupling between the chips requires long ampli erdOptical loss increases
the amount of power consumed both for pumping ampli ers andof the cooling

required by the ampli ers.

7.5 Solutions for future InP-based recirculating

and feed-forward bu ers

7.5.1 Feed-forward bu ers

Although the challenge of variable length packets certaipldoes not rule out
recirculating bu ers, it can be a major disadvantage and suggests alternative use
of the device presented in this thesis. If it is desired thate bu ers be used in the
feedback con guration, it may be possible to chop packets ahe router ingress
and concatenate them at the egress, or use a variation of agl burst switching
to string together a train of 40 byte packets with only short gps between them
[9]. However, a simpler solution is to use the same devices anfeed-forward

con guration for longer packets, as described in Section4l. Feed-forward bu ers
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are also advantageous because they can combine severalréing delay line lengths

for a wider range of delay times [10, 11, 12].

7.5.2 Polarization dependence

The bu er polarization dependence can be drastically reded by changing the
material platform, but is not an issue depending on the syste application. In
the LASOR architecture, the bu ers are placed after the wavength converters.
As the wavelength converters output only TE-polarized ligh only a polarization
maintaining ber is needed to guaranteed the maximum gain ém the bu er. For
other applications, it may be desirable to eliminate the palrization dependence.
Tanaka et al. reported an SOA gate matrix with 65 dB of extinction and 12 dB b
gain [13]. Although this material platform would not allow br future monolithic
integration with the existing UCSB wavelength convertersit would eliminate the

problem of polarization dependence.

7.5.3 Reduced loss

The remaining solutions and suggested future work for the Ribased bu er
are all centered in the loss, gain, and noise of the device. dhargest losses come
from coupling to and from the chips, but propagation lossesnd the intrinsic
switch loss are also large. The spot size converters presehearlier in this chap-
ter were only partially successful, but could a ord great bee t if the radiation

losses were reduced. As mentioned previously, a buried sgite converter can
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lessen the radiation loss. Reducing coupling losses is hjgimportant for the re-
circulating bu er as they will continue to factor in for every additional circulation.
Propagation loss in the InP and silica are both slightly higlr than achievable and

could o er several decibels each if the processing was opized.

7.5.4 Ampli er improvement and ASE reduction

The material platform is one element of the amplier design hat has not
been optimized for the optical bu ers and could o er a signicant performance
enhancement. In order to lengthen the storage time, the outip saturation power
of the ampli ers should be increased and, even more importdy) the noise gure
should be decreased. Moritet al. have reported broad-band SOAs with a high
chip saturation output power of over 20 dBm and a low chip noé gure (NF)
of less than 4 dB using thin multi-quantum wells [14]. The keyo a low noise
gure is a decreased internal loss, especially for ampli srwith small con nement
factors. The in uence of a decreased noise gure can be cdted using Equation
7.1 [15]. Halving the noise gure serves to double the maximu storage time.
Figures and 7.9(a) and 7.9(b) show the in uence of noise geron the maximum
circulations for varying loop loss (assuming the gain is dgsed to compensate
exactly for the loss). The gures also show importance of reding the loop loss.
A decrease of 5 dB of loss would result in increasing the maxim number of

circulations from 18 to 60 for a noise gure of 6 and assumingh@SNR of 25 dB
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is required.

(@)

(b)

Figure 7.9: Maximum number of circulations possible as a function of thimop
gain needed while maintaining an OSNR of (a) 25 dB and (b) 20 dB

The bu ering demonstrations showed that the build-up of amp ed sponta-
neous emission was a major limitation to the maximum storagéme and that
a lter in the loop was advantageous. The silica waveguidesenot only useful

for providing an integrated and stable delay, but can also pwride a platform for
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adding passive elements such as lters. A nite impulse regmse (FIR) lter in
the silica waveguide loop is a good solution to eliminate AS&nd may also be

useful for dispersion compensation [16].

7.5.5 Integration

The bene ts of integration, speci cally integration of the silica delay and InP
switch, have been covered several times in this thesis andist clear that inte-
gration here would lower packaging costs, reduce opticaskand therefore power
consumption, and also reduce the footprint. Hyundai Park heworked on building
a silicon evanescent optical bu er which integrates InP fogain and switching on
top of silicon waveguides [17]. This drastically reduces eéhcoupling loss, but in-
creases the propagation loss by up to an order of magnitudendther integration
solution is to implement a vertical coupler in the InP to coufe into a silica waveg-
uide below. The integration could be achieved using simpldags-glass bonding

after depositing a thin layer of silicon oxide or nitride on op of the InP device.

7.5.6 Future networks

Advanced modulation formats using phase information alongith amplitude
modulation are promising to reduce the required optical sigl-to-noise ratio and
increase the tolerance to dispersion in communications meirks [18]. For those
same reasons, they would also lead to improved performandehe optical bu er.

Phase shift keying (PSK) would be especially useful for elinating the pattern
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e ects seen due to ampli er saturation. Advanced modulatia formats should be
examined for next generation routers as a means to increase tbaud rate without

decreasing pulse lengths further.

7.6 Conclusions

The optical random access memory element presented in thigesis is the rst
integrated device, and although successful in simple bu ey demonstrations, it
has much room for improvement. In this chapter, several cHahges were reviewed
as well as possible solutions. Spot size converters wereigiesd in order to reduce
the source of the most loss and to increase the maximum stoeaime, but the
components were limited by scattering losses. The next geaton of devices
should include buried spot size converters and look to impred material platforms

and integration methods.
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Chapter 8

Conclusions

The rst photonic chip optical bu er was designed, fabricatd, and tested,
demonstrating up to 5 circulations, or 64 ns of delay, with 98 of the packets re-
covered. The approach was also tested with a ber delay lin® tshow the increase
in maximum storage time (up to 8 circulations or 184 ns) proded by slightly less
delay loop loss. It has been demonstrated that a hybrid InP oérculating bu er is
a practical solution that can be used in a system to a ord comntion resolution for
optical packet switched routers. Alternative bu ering structures were studied and
found to be severely limited by bit rate, packet length, comlgxity, and footprint.
Although several performance metrics of the chosen appréacequire improve-
ment, they can be solved with small changes such as reducimgupling loss and
ampli er noise gure. The approach presented here is the rsintegrated optical

bu er and therefore enables the development of a competigvoptical router.
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8.1 Switch

The performance of the recirculating bu er was entirely depndent on the
successful development of a high gain, high extinction, fasvo-by-two switch.
Although Mach-Zehnder interferometric switches had insucient extinction ratios,
an SOA gate matrix switch architecture showed 40 dB of extition. The InP-
based platform was a good choice for fast switching and higlaig at a signal
wavelength around 1550 nm, resulting in sub-nanoseconderiand fall times and

ber-to- ber gain.

8.2 Integration

Integration is tremendously important on two fronts: the irtegration of dis-
similar materials and the integration of multiple componets on the same chip.
The approach presented here succeeds because it combinesattivantages of two
di erent material platforms to provide gain and fast switching with a low loss
passive waveguide. The di culty in combining two materialsis often coupling be-
tween the waveguide structures. In this thesis, spot size rogerters were designed
and tested to reduce the coupling losses between the two m@gs. Although
they showed promise, scattering from the converter transittns must be reduced
to make for a successful element.

In general, integration of multiple components is necessarfor several rea-

sons including reduced power consumption, reduced loss;reased stability, and

116



increased reliability. The InP switch presented here has aedree of monolithic
integration, incorporating gain ampli ers around the fastswitch. Unfortunately,

the silica delay and InP switch remained on separate chipsrfthis thesis. How-
ever, with future work the two could be integrated on the samehip (Section
7.5), thus providing the bu er with more of the integration bene ts listed above.
Packaging is one step toward integration and yields greatstability and enables
easier system demonstrations (Figure 8.1). The packagirgydovered in Appendix

B.

Figure 8.1: Completed package assembly.
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8.3 Buering

This thesis presents demonstrations of autonomous contém resolution, show-
ing that by providing the router processor with the approprate rules, the optical
bu er can be treated in many ways just like electrical RAM. Sacessful bu ering
was achieved at 40 Gb/s with 40 byte packets, verifying thatite chosen approach
was a practical solution. The InP-based recirculating bu es o er simplicity and
a small footprint, which will be necessary for populating laye optical routers.

The limitations of the bu er were explored so that future wok may serve
to increase the maximum storage time and maximum packet lethy Several
processing runs were necessary before enough gain was geavby the InP switch.
Although there was eventually plenty of gain to make up for tbB propagation,
splitting, and coupling losses, maintaining a good OSNR isi¢ ultimate challenge.
Larger losses and the necessary ampli cation to make up foneém lead to high
levels of ampli ed spontaneous emission (ASE). It was thiggentaneous emission
that was the main limitation for the maximum number of errorfree circulations.
A secondary limitation is the dispersion induced by the ampérs and delay line.
Although it has not appeared to be an issue for 8 circulationand fewer, it will

be a challenge as the other limitations are solved.
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8.4 Summary

The InP-based optical random access device presented ingliesis is the rst
photonic chip memory element to demonstrate bu ering. The bers were run
autonomously and provided contention resolution for 40 Gls, 40-byte packets
with over 98% of the packets recovered. A maximum storage temequal to 8
packet lengths was achievable with a simple ber delay linehile 5 packet lengths
of storage was demonstrated using a silica waveguide deld@yis thesis proposed
and veried an integrated InP-based buer as a promising soition for future

optical routers.
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Appendix A

Fabrication

The fabrication of the InP-based two-by-two switch was a ctical part of this
thesis, but did not require a high level of process developmeand is therefore left
for an appendix. This appendix will cover the fabrication pocess and the material

problem that temporarily halted progress on the InP two-bytwo switches.

A.1 Fabrication process steps

Several other theses [1, 2] can be referenced for more spedabrication

information. This section presents an overview of the pross ow.

1. In this step, the active and passive areas are de ned by re@wing the o set

guantum wells from everywhere except for where ampli ers Wibe created.

Perform a solvent clean on the full wafer and bake for 1 minuten a

110 C hot plate.
Deposit 1000A of silicon nitride (SiNy).

Cleave the wafer into quarters.
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Perform a solvent clean and bake for 1 minute on a 11G hot plate.

Follow lithography steps using photoresist AZ 4110 with the

active/passive mask layer.

Use a reactive ion etcher (RIE) with CR/O , (20/1.8 sccm) to etch

the silicon nitride.

Remove photoresist and perform a solvent clean.

Remove the InP cap layer using EPO4:HCI (3:1).

Remove the quantum wells using k504:H,0,:H,0 (1:1:10).
Measure the photoluminescence to verify that the wells aremoved

in the passive areas.

2. The wafer quarters receive a regrowth to build the p-sidef the diodes and
the waveguides.
Strip the nitride with bu ered HF (BHF).
Expose the quarters to UV-ozone for one hour.

Send quarters to vendor or give to UCSB grower for another BHE&ip

and UV-ozone cycle before growth.

Quatrters are returned with grown p-InP, p-InGaAs contact lger, and

InP cap layer.

3. The waveguides are de ned by etching ribs in the InP. The los are

initially dry-etched and then a wet etch is used to smooth theidewalls.
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The dry etch gets the rib to about 300 to 500 microns above theaweguide
layer. Dry-etching too close can cause damage, but the wettktnarrows
the waveguide. An extra photolithography is used to protectvaveguides
that are at a large angle to the crystal axis.

Perform a solvent clean on bake for 1 minute on a 11Q hot plate.

Deposit 1000 Ang of silicon nitride (Sil).

Follow lithography steps using photoresist SPR 950 with theidge

mask layer.

Use a reactive ion etcher (RIE) with CR/O , (20/1.8 sccm) to etch

the silicon nitride.
Remove photoresist and perform a solvent and {plasma clean.

Use an RIE to etch the InP, cycling MHA (methane/hydrogen/agon)

4/20/10 sccm and Q.
Perform a solvent clean on bake for 1 minute on a 11G hot plate.

Follow lithography steps using photoresist AZ 4330 with théend

protect layer.

Use HPO4:HCI (3:1) to etch the ribs down to the waveguide

layer/quantum wells.

Remove photoresist.
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4. This step is included only if spot size converters are in ¢hdesign. The
waveguide layer is etched into a taper to help drive the modeaim the

standard rib to a large, lower mesa.

Perform a solvent clean on bake for 1 minute on a 11G hot plate.

Follow lithography steps using photoresist AZ 4330 with th&VG

taper layer.

Use an RIE with MHA (4/20/10 sccm) followed by an Q ash to

partially etch the WG layer, leaving only 200 nanometers.

Remove photoresist.

5. This step performs a deep etch to create the tightly-coning sharp bends
and for the spot size converter mesa de nition. The etch shédigo two

microns or deeper.

Perform a solvent clean on bake for 1 minute on a 11G hot plate.

Follow lithography steps using negative photoresist NLOF@0 with

the deep etch layer.
Deposit 3500A of SiO, using an e-beam for dielectric deposition.
Perform lift-o in solvent 1165 on a hot plate set to 80 C.

Use an RIE to etch through quaternary and InP using MHA (4/20/0

sccm) and Q.

Remove the SiQ using BHF while being careful to leave some of the

SiNy.
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6. In order to deposit metal contacts on just the tops of the dges, vias
through SiN, are etched carefully until just the ridges pop out. This
process is done using visual inspection after every few mies of dielectric
etching. As the dielectric on top of the ridges gets thin, it gts rainbows
from thin Im interference, letting the operator know that t he etch is close
to nished.

Perform a solvent clean on bake for 1 minute on a 11G hot plate.
Deposit 1000A of SiNy.

Perform a solvent clean on bake for 1 minute on a 11G hot plate.
Follow lithography steps using photoresist 220-7 with theia layer.
Perform O, PE-II resist etch back, doing often visual inspections.
Use an RIE to etch the SiN using CR/O ,.

Remove photoresist.

Perform a solvent clean on bake for 1 minute on a 11G hot plate.
Use HPO4:HCI (3:1) to etch the InP cap layer.

7. The metal contacts are isolated from each other using ancétof the
InGaAs contact layer on either side of the ridge contacts.

Perform a solvent clean on bake for 1 minute on a 11G hot plate.

Follow lithography steps using photoresist AZ 4330 with thénGaAs

etch layer.
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Use HPO4:H,0,:H,0 (3:1:50) to remove the InGaAs contact layer in

between ridge contacts.
Remove the photoresist.
8. Metallization is used to put metal on top of the ridges as Wleas large pads
for contacts.

Perform a solvent clean on bake for 1 minute on a 11G hot plate.

Spin PMGI SF-15 and follow with the soft bake and a pre-exposel of

deep UV.

Follow the lithography steps for AZ 4110 and use a post-dewgiment

bake.
Expose and develop the uncovered PMGI with deep UV twice.

Do a descum in with Q, followed by a NH,OH:DI (1:10) dip to

prepare for deposition.

Perform an angled evaporation of Ti:Pt:Au (200:400:5000 Aystroms)

immediately.

Lifto the unwanted metal in solvent 1165 on a hot plate set to80 C

C.

Use a strip annealer to do a 30 second anneal in forming gas 803C.

9. The wafer quarters are prepared for out-sourced hydrog@noton

implantation.
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Perform a solvent clean on bake for 1 minute on a 11G hot plate.

Spin PMGI SF-15 and follow with the soft bake and a pre-exposel of

deep UV.

Follow the lithography steps for 220-7 and use a post-devplnent

bake.
Expose and develop the uncovered PMGI with deep UV twice.
Package the pieces and ship out for implantation.

10. After the quarters are back from proton implant, they arehinned to
enable easier cleaving and do decrease the diode resistaridee n-metal is
deposited on the entire backside of the quarter before cleag. Cleaving
and AR coating are the nal steps.

Remove the photoresist and perform a solvent clean and bake.

Use melted wax to a x the InP top-side down to a piece of silica

and the silicon to a chuck.

With the chuck still heated to keep the wax melted, use vacuurto

make the pieces very at.
Thin the quarter using a gure-8 pattern on 12 micron grit pager.

Count strokes and stop at most every 100 strokes to measureeth

thickness.
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When the quarter is between 90 and 130 microns thick, heat the
chuck back up to slide o the silicon and push the InP to the edg of

the silicon.
Perform a solvent clean on the backside of the InP.
Use an e-beam to deposit Ti:Pt:Au (200:400:10000).

Remove the InP from the silicon and carefully perform a solwne clean

to remove the wax, without a hot plate bake.
Use a strip annealer to do a 30 second anneal in forming gas 803C.

Cleave the quarter into die beginning with the direction thais

parallel to the waveguides.
Cleave the die into bars and send out for AR coating.

Test the bars and then cleave into single devices.

A.2 Determining source of processing-related

diode issues

After the rst full fabrication run that yielded good switch results, there were
three fabrication runs that exhibited poor diode performaoe that was
ultimately contributed to material-related problems. This section will cover the

steps that were taken to nd the source of the problems.
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A.2.1 The problem: high diode resistance

The fabrication runs resulting in poor diodes resulted in apii ers that

primarily had high resistance. Although the diode behaviovaried largely among
the devices and runs, the largest problem was that heatingoim the high
resistance would limit the available gain. In addition, therst, and worst, poor
device batch exhibited high reverse bias current and abrughanges in resistance
during the initial current sweeps. Figure A.1 shows the congpison of a poor

diode with the previous batch good diode.

Figure A.1: Diode turn-on comparison for the rst generation of devicebaving
low resistance and the second generation of devices that haigh resistance.

A.2.2 Analysis and conclusions

The analysis of the problem was comprised of secondary ion $saspectroscopy
(SIMS), scanning electron microscope (SEM) micrographs ofoss-sections,
broad area laser fabrication and testing, as well as compson with simulations.

For any puzzling issues in fabrication results, the testsslied above should be
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considered in solving the problem. In the end it was concluddhat there were
two causes of the poor diodes, one instance of silicon contaation at the
regrowth interface, and contact layer damage due to a thinnénP cap layer.

A small piece was cleaved from a fabricated sample and sent éor SIMS to
learn the concentrations of silicon, indium, phosphorougallium, arsenic,
aluminum, sulfur, and zinc as a function of depth. The resuitare shown in
Figure A.2, showing that there was silicon contamination athe regrowth
interface. Upon inquiry to the regrowth vendor, it was leared that the vendor
had not followed speci c instructions to perform an ultravolet (UV) exposure
and HF oxide removal. As described in reference [3], silicapntamination can
cause a decrease in injection e ciency because the p-n jummt is moved from
the desired location in the multi-quantum wells into the InPabove.

In order to verify that the contamination could cause the prblems that had
been observed, simulations were performed using SimWindowSimWindows is
a free semiconductor device simulation tool available frothhe Optoelectronics
Computing Systems Center at the University of Colorado, Bdder. Series
resistance and plots of the logarithm of the current as a fution of voltage were
used for comparisons. The plots are useful because they shbe separate diode
characteristics (Figure A.3) [4]. The increase in resistae from the good
process run to some of the poor diodes was 10x at low currentdés and 5x at

higher current levels.
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Figure A.2: SIMS data showing a silicon spike at the depth correspondirtg
the regrowth interface.

The SimWindows results in Figure A.4(a) show the diode behar when the p-n
junction is located in the InP. As can be seen in Figure A.4(bbhere were diodes
that matched this behavior. Although most of the diodes weraot as extreme,
these results show that the e ect of the silicon contaminatin was signi cant.
Subsequent process runs showed that the silicon contamiimat was not the only
problem and analysis narrowed the problem down to the decrgain InP cap
layer. Although the following generations of devices hadde problems than the
rst poor run, they still exhibited high resistance. Broad aea lasers were rst
fabricated and tested to show that the active material was rido fault. An
injection e ciency ( ;) of 56% and loss (;) of 38 cm ! were calculated. Details

on broad area laser testing and results can be found in refeoes [5] and [3].
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Figure A.3: Schematic showing the usefulness of plotting the semilogafrrent
as a function of voltage.

SEMs were also taken to look for processing-related erromsdashowed that the
InGaAs contact layer was still there (Figure A.5). Optical lu ers were not the
only devices a ected by new, high resistances and it was nglconcluded that
the decrease in the cap layer must have allowed for some damdg the InGaAs

contact layer.

132



(@) (b)

Figure A.4: Plots comparing the diode characteristics for the case thahe pn
junction is located in the quantum wells or p-InP for (a) simlations and (b)
experimental data from several devices across the wafer.

Figure A.5: SEM of a waveguide cross-section showing the lighter teriyaand
guaternary layers. The arrow points out the InGaAs contactdyer.
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Appendix B
Packaging

This appendix will describe the design of a package for an a@@lectronic device
and the process of packaging. As mentioned in Chapter 7, paging a device
typically makes for easier testing, more stability, bettethermal sinking, and a
smaller footprint. The optical bu ers were packaged so thaseveral could be
implemented in linecards to build an optical router. A good pckaging design

allows the optical bu ers to need as little attention as eletical bu ers.

B.1 Package component design

There are several components and materials that support theptoelectronic
device and its operation. For the optical bu er package thedllowing
components were used: a carrier, a submount, lensed berstheermoelectric

cooler (TEC) and thermistor, a fan-out board, and a butter y-type package.
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B.1.1 Carrier

The component directly supporting the InP device is the carer, used for
electrical contact, mechanical support, and for ber attab. After the InP device
bars undergo simple initial testing, the bars are singulateand soldered to
carriers to allow for easier testing, to avoid scratching # device with electrical
probes, and for better heat extraction. The carrier is madadm aluminum
nitride in order to match the coe cient of thermal expansion of InP and is
coated with gold on the top and bottom. The top side is patterad with
coplanar strip (CPS) lines to bring the electrical contactaway from the chip.
The CPS lines are designed to match probe cards to simplifydhest setup and
should be designed to match 50 Ohms. Two extra pads should meluded to
provide the option of adding a surface mount thermistor. Thearrier fabrication
is performed by an outside vendor to guarantee that the goldatacts are very
thick and of high quality for easy wirebonding. Wirebonds a used to connect
the p-metal contacts to the correct CPS pads on the carrier. Hé n-contact is on
the backside of the InP and the connection is made simply by Isering the
device to a large gold pad at the center of the carrier. The ghion carrier
(COC) can go directly from a probe station for thorough testig and
characterization to a package. Two types of carriers were slgned to evaluate if
packaging was easier with the ber directly attached to the arrier or to the

submount. The carriers were simply extended 5 extra mm on b#r side to

137



provide space for epoxying a ber. Figure B.1 shows the caern layout with and

without the extra ber attach length.

Figure B.1: Layouts of a carrier with space for ber attach and a smallerarrier
for easier stage testing.

B.1.2 Submount

The submount is used for thermal stability and can be used as alternative to
the carrier for ber attach. The COC mounts to the submount whch is then

a xed to the TEC. It is machined from Kovar (nickel-cobalt fe rrous alloy) to
match the coe cient of thermal expansion of the aluminum nitride and the InP
and it has reasonable thermal conduction. The Kovar is platewith gold to
allow for soldering. The submount length and width are choseto be slightly
larger that the carrier and with plenty of room for ber attach. The thickness of
the submount is the most critical, both for attaching ber and for heat

extraction. The submount thickness is a compromise betwegnmeater thermal
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stability and lower thermal resistance. The thickness ches for the optical

bu er packages ranged between 2.5 and 5 mm.

In the case that the ber attach was attempted directly to the submount, the
di erence in height must be calculated and machined carefyl As the ber
thickness is 125 microns, and the InP thickness is generatlyinned to 100
microns it is nearly ideal to epoxy directly to the carrier. Fbwever, it allows for
easier ber coupling during probe testing to use a shorter caer, and therefore
the ber must be epoxied to the submount during packaging. Té thickness of
the carrier is 635 microns and therefore the submount shoulte designed to
have a step of approximately 0.6 cm. The height is highly imptant because the
ber must be able to get low enough to couple into the chip, butf there is too
much room then the amount of needed epoxy is greater and thengll be more
shrinkage during the curing. The submount variations are gwn in Figures

B.2(a) and B.2(b).

B.1.3 Thermoelectric cooler

The InP switch uses 1 Watt to operate and the build-up of heat egrades the
performance signi cantly, thereby requiring active coolg. The submount is
epoxied to the cold side of a thermoelectric cooler. A larg@aler, 3x3, was
chosen primarily to provide a large platform for the submoun It also

guarantees that the heat will be easily removed. A surface mmat thermistor is
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() (b)

Figure B.2: Projection drawings of (a) Flat submount (b) Stepped submaat.

soldered directly to the carrier in order to provide feedb&c The heat sink is the
package itself, which will be described in the following seéan. The temperature

of the TEC should not exceed 110C, as the elements may come loose.

B.1.4 Package

The package itself is designed to provide mechanical suppésr the ber and
fan-out boards as well as the output pins. The package is mackd from Kovar
to again match the coe cient of thermal expansion as well asa provide decent
heat conduction. The package is also gold plated in order tocad the ability to
solder to it as well as aesthetic appeal. If nothing else, thifeature may allow

the graduate student slaving over the package to receive seramall pleasure
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from looking at something shiny. The package for the opticdlu ers was
designed to have optional side walls to allow for easier bealignment. Holding
the ber closer to the lensed tip a ords more stability and catrol. The optical
bu er package was machined at the physics machine shop at UBSbut pins
were inserted and sealed at HCC Industries. HCC also perfoeah the gold
plating of the packages and submounts. A projection drawingf the detachable

wall is shown in Figure B.3.

Figure B.3: Package wall with ports for the attached bers.

The critical package dimensions are all heights; includintpe pin height, the wall
height, and the fan-out board shelf height. The heights areetided by
thicknesses already covered, the thickness of the InP, dam submount, and
TEC. The height of the shelf is designed such that the top of #fan-out board
is level with the top of the carrier and the pins are located jst slightly above
that level. The fan-out board is a printed circuit board (PCB) with gold
contacts for wirebonding and soldering that simply serveotbring the electrical
connections to the sides of the package, spreading them ootratch the

spacing of the pins. The height of the wall should be such thahe lensed ber
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can be rested and epoxied onto the wall for strain relief witininimal bending.

A computer-aided drawing of the package is shown in Figure 4B.

Figure B.4. Package viewed from an angle, showing holes for pins and for
mounting.

B.2 Package assembly

The packages are assembled using several solders and epdkiat are carefully
chosen for their purpose and position in the process. The matonsideration is
to make sure that the curing or soldering temperature is lowehan that of the
previous step. Solders are generally used when thermal cantion is important,
while epoxies are ideal when the temperature of the parts aiid not be raised

and for achieving sensitive alignment. The process ow isslied below.
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10.

Mount the InP to the carrier using AuSn solder paste at 28CC.

. Wirebond the InP pads to the carrier lines.

Use silver epoxy to mount the thermistor to the carrier. Cre for 15

minutes at 125 C.

. Solder the fan-out boards to the package shelves using it ribbon at

160 C.

Solder the chip-on-carrier to the submount using Indiumilbbon at 160 C.

Use a thin layer of thermal epoxy to simultaneously attaclthe submount

to the TEC and the TEC to the package oor.

Solder the TEC leads to the fan-out board. (Fan-out boardr®wn in

Figure /refFoboard

Connect the TEC fan-out board contacts to the package pins

. Wirebond the carrier to the fan-out boards and the fan-ouboards to the

pins.

Align and attach the bers using UV-curing, low shrink exy. Begin with
the least critical output followed by the input ber, and then the highly

critical loop bers.
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Figure B.5: Left fan-out board schematic.

B.3 Package results

Packaging was successful, although ber alignment and atthment was found to
be di cult and inconsistent. A photograph of a completed pa&age is shown in
Figure B.6. The most important nding was that the ber attac hment was
easiest directly to the carrier. However, it was still very dcult to perfect the
alignment when the ber was in the epoxy. The epoxy bends theber downward
and the ber bends when attempted to translate as well. In adition, although
the epoxy is low-shrink, UV curing often moves the ber out obptimal
alignment.

Several small improvements should be made to the package i$econd
generation is made in order to save space and make the procester. As
mentioned in the prior paragraph, all carriers for packagigp can be made with
room on either side for direct ber attachment. Secondly, tb packages could be
made smaller if fan-out boards were shorter. Third, the pinshould be slightly
lowered to allow for the fan-out boards to be soldered to theiqs rather than
wirebonded. Apart from the package, a xture should be desiged to hold the

ber using vacuum from the top to allow for easier ber alignnent and
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Figure B.6: Completed package assembly.

attachment. Lastly, the detachable package walls should b@anged to have the

ber trenches align better with the bers.
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