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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 tothe right locations

with huge throughput (capacity of terabits/second) and very few errors (1 error

allowed in 1012 bits). However, as the internet continues to grow rapidly, so

must the capacity of electronic routers, thereby also growing in footprint and

power consumption. The energy bill alone has developers looking for an alternate

solution. Today's routers can only operate with electricalsignals although Internet

data is transmitted optically. This requires the data to be converted from the

optical domain to the electrical domain and back again. Optical routers have the

potential of saving in power by omitting these conversions,but 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 routerto move packets of data

in order to avoid collisions between packets heading to the same destination at the

same time. The device presented here uses an InP-based two-by-two switch with

a silica waveguide delay to form a recirculating bu�er. Packet storage was shown

with 98% packet recovery for 5 circulations. Autonomous contention resolution

was demonstrated with two bu�ered channels to show that the technology is a

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

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

Introduction

The advent of optical �ber communications enabled a revolution by providing

immediate and inexpensive access to information and communication [1]. The

international community has felt the revolution in changesof both culture and

commerce. Optical �ber communication has been a key component in the recent

period of globalization in which emerging markets are becoming more equipped

to compete and boundaries are fading [2, 3]. However, the telecom market did

not track the growing information technology usage. In 2001, speculation caused

the �eld to grow too quickly and created a depression in the �eld [4]. For years,

the capacity of the United States' national backbone was easily meeting demand.

Now, need is catching up with supply and new applications areapproaching that

will require larger bandwidths [5]. Optical communications must �nd ways of

providing customers with the capacity they need while lowering the cost per bit.

Optical routers are an e�cient solution that holds promise in reducing the

cost of the hardware at the core of the network while increasing its scalability

and 
exibility. Electronic routers can handle greater and greater capacities, but
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at the cost of larger footprints, higher power consumption,and challenges in

heat extraction. In an electronic router, incoming opticaldata is converted to the

electrical domain to be forwarded and bu�ered and then converted back to optical

data. The major bene�ts of electrical processing are simpledata regeneration and

the availability of inexpensive, compact memory. However,optical routers may be

necessary in order to reduce power consumption and they havepotential to o�er

advantages such as transparency for data packets at any bit-rate 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 all-optical networks,

but requires an optical alternative to random access memoryto succeed. Optical

packet switching (OPS), optical burst switching (OBS), andgeneralized multi-

protocol label switching (GMPLS) are the main possible approaches for the move

from electronics to optics. Of the three, OPS o�ers the most e�cient use of

bandwidth since it is based on the multiplexing of data packets in time in addition

to wavelength and is the closest to current electrical packet switching (Internet

Protocol (IP)) [7].
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1.2 Need for bu�ering

Optical packet switching requires contention resolution for packets competing

for router resources. A common example is at the router output ports where a

stream at a particular wavelength must not have packets thatoverlap in time. If

two packets are in contention, one must either be held back, de
ected, or dropped.

The option that o�ers the least latency and most 
exibility i s to temporarily hold

the packets in a bu�er. An ideal bu�er would have the memory space 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 ability to closely pack

outgoing streams. Most simply, a bu�er can be a variable delay. Random access

memory (RAM) is one step more 
exible by providing the freedom to read stored

data when needed, regardless of physical location and relation 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 placement of the bu�ers in

the router. Output bu�ers don't su�er from head-of-line blocking found in input

bu�ered switches, but are not as scalable. Combined bu�ering types and virtual

output queuing (VOQ) have been developed to combine the bene�ts of 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 eliminating the problem of

head-of-line blocking [11]. Figures 1.1 and 1.2 show input,output, and VOQ

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

Figure 1.3(a) is a simplistic example of packet contention.Three 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. Figure 1.3(b) illustrates

how bu�ering can resolve contention. Five of the six packetsare delayed such

that the two streams can be combined without packet overlap.The superscript

numbers on the outgoing packets report how much delay was used.

Electrical memory is inexpensive and has a small footprint,allowing for large

banks of memory to be placed in routers that a�ord plenty of bu�ering capacity

to account for bursts in port congestion. The amount of electrical memory in the

state-of-the-art Cisco CRS-1 router is 2 gigabytes (GB) of RAM in each linecard.

It is randomly accessible and has no storage time limits. Theamount of memory

needed in today's routers is calculated using Equation 1.1 where B is the size of

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

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

B = C � RTT (1.1)

Optical bu�ering approaches have di�erent limitations than electrical memory

and should not be expected to be equivalent. Many of the same design rules

must be changed to take advantage of the bene�ts of optics andwork 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 memory capacity than what

is calculated with Equation 1.1. Enachescuet 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 burstiness[14]. It can be

seen from Figure 1.4 that for 200 
ows, only 10 bu�ers per portare needed to

reach 90% throughput. Enachescuet al. also report that this should be true

for the common case that the access network is much slower than the backbone
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(a)

(b)

Figure 1.3: (a) Illustration of contention. The shaded squares represent packets
of data and are labeled with a letter to note the intended output port and a
subscript to note the input port from which the packet entered. (b) Illustration
of contention resolution provided by bu�ering. The superscripts note the number
of time slots that the packet was bu�ered.

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

previously believed.

1.3 LASOR architecture

The optical bu�ers developed in this thesis are designed to be integrated into

a 100 Tb/s LAbel Switched Optical Router (LASOR), which is sponsored by the

Defense Advanced Research Project Agency's Microsystems Technologies O�ce's

(DARPA MTO) DoD-N (Data in the Optical Domain) Program. The L ASOR

router will implement optical packet switching and will switch 40 Gb/s asyn-
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Figure 1.4: Throughput increases at a faster rate with the number of bu�ers if
there are more 
ows [14].

chronous, variable length packets. The packet labels are the only data which

undergoes optical-to-electrical conversion. The bit rateof 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 variable length
payloads [15].

The LASOR optical router will implement InP-based wavelength converters

with an arrayed waveguide grating router (AWGR) to perform packet forward-
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ing and use random access packet bu�ering to resolve contention. The router

schematic is shown in Figure 1.6. The bu�ers are controlled by a central arbiter

which makes decisions to bu�er after examining the packet addresses to check for

contention. The bu�ers play a critical role, allowing for much 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 datarecovery, Deser is
for deserializer, Sync is for synchronizer, PFC stands for packet forwarding chip,
AWGR is arrayed waveguide grating router, and 3R is for 3R regeneration.

The LASOR router will switch asynchronous, variable lengthpackets for high

throughput and network 
exibility, thereby requiring the u se of a synchronizer.

In asynchronous packet arrival, packets will be misalignedto 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 has been demonstrated

autonomously [16]. Synchronizers will be placed before thebu�ers in the LA-

SOR switch. The functions of the synchronizers and bu�ers are shown in Figures

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

(b)

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

1.4 Integrated InP-based optical random access

memory (ORAM)

Integrated InP-based ORAM was chosen as the optimal approach for the LA-

SOR program and I believe it is the most promising choice for future optical

routers. The bu�er built for this thesis is based on an InP two-by-two ampli�er

gate array switch and a low loss silica waveguide delay, in the simple con�gura-

tion shown below in Figure 1.8. The device can be used as a recirculating bu�er

and concatenated to form a bu�er for simultaneous storage ofmultiple packets,

as shown in Figure 1.9 . The recirculating bu�er is a compact solution for ran-

dom access memory. It can be used either as a FIFO (�rst in �rstout) bu�er
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for simplistic device use, or it can allow for packets to be re-ordered if priorities

are given to packets. The demonstrations in this thesis showthe success of the

recirculating optical random access memory, not only for simple packet storage,

but also for autonomous contention resolution.

Figure 1.8: Illustration of a simple bu�er comprised of a 2x2 switch and delay
line.

Figure 1.9: Illustration 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 feedback orfeed-forward

bu�er and needs only slight modi�cations to allow for separate read and write

buses and speed-up. Although feedback bu�ers bene�t from a smaller footprint

and component count, the recirculating bu�er can place a constriction on packet

length. However, by building an array of the presented memory elements shown

above for multiple packet storage, the devices can also be used for longer packets

with the same devices (Figure 1.10(a)). The devices can alsobe recon�gured for

strict feed-forward operation (Figures 1.10(b). Another small modi�cation with
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big impact combines two switches with one loop, thereby allowing the bu�er to

become a dual port bu�er (Figure 1.11). The dual port bu�er allows packets to

be taken out of memory even while other packets pass through.This con�guration

also allows for speed-up, where the rate that packets that are switched is higher

than that of the switch input channels [8]. Figure 1.12 showsan illustration

in which two switches, or optical data routers (ODR) are usedin parallel and

enabled by dual port bu�ers to achieve a speed-up factor of 2 [17].

(a)

(b)

Figure 1.10: (a) Illustration of an array of bu�er elements used for longer packets.
(b) Illustration 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 switches and delay lines

has existed for decades, but this thesis presents the �rst integrated ORAM. The

device marks a key step in making optical bu�ering practicalfor large terabit per

second optical routers. This practical nature was shown with the �rst demonstra-

tions of autonomous bu�er control. The bu�er will also be a part of a larger tech-
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Figure 1.11: Illustration a dual port bu�er, useful for simultaneous read/write
and speed-up.

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

nological development. The LASOR program has already met great achievements

in becoming the �rst demonstration of asynchronous, variable packet length, 40

Gb/s, 2x2 optical packet switching [15]. While pushing the development of packet

switching, the LASOR program simultaneously pushes integration, incorporating

the use of monolithically integrated wavelength converters and 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 practical all-optical

router.
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1.5 Thesis structure

This thesis covers the development, design, fabrication, characterization 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 technologies; 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 silica delay line, the two

components that make up the optical bu�ers that are the subject of this thesis.

The demonstration of the optical bu�ers themselves are covered in Chapter 5,

which shows the success of the stand alone bu�ers. However, the true test of

the bu�ers is in resolving packet contention. The results oftwo experiments us-

ing multiple integrated bu�ers are presented in Chapter 6. Although small-scale

demonstrations show 98% packet recovery for 64 ns of storagetime, the future

success of this approach will rely on longer maximum storagetimes. Chapter 7

introduces the most important areas for improvement and presents several solu-

tions to the issues encountered in the thesis devices. Lastly, Chapter 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 limitations can be

revealed by examining the main goal of optical bu�ering: enabling optical router

technology that will be competitive with electronic routers. The requirements for

a successful bu�er presented here stem primarily from the system level. While

some of the requirements are black and white, others are harder to standardize

quantitatively, such as complexity and footprint. Despitethis, the arguments

here make the case that integrated recirculating bu�ers arethe only approach

that o�ers near-term success. In this chapter, the explicitbu�ering requirements

are reviewed and the most prominent optical bu�ering approaches are compared.

2.1 Optical bu�er requirements

Above all else, the intended optical memory technology should be 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 packets of no less than

40 bytes with guard bands no more than several nanoseconds long. Packet pay-
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load length is one of the more di�cult challenges for many bu�ering approaches,

but unless the ratio of the payload length to the overhead of the header and

guardbands is reasonable, optical bu�ers and packet switches will not a�ord an

advantage. In addition, it is desirable to require less header processing for a given

amount of payload. In order to accommodate short guard bands, bu�ers must be

able to switch or reset in less than several nanoseconds. Themaximum storage

time must also be checked; bu�ering can be accomplished onlyif the device can

impart a delay of at least the length of the packet payload. The bu�ering de-

vice must also perform well at high bit rates of 40 Gb/s and greater to o�er an

advantage over electrical domain counterparts. As is required 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 additional consid-

erations that increase the probability of success of a givenoptical bu�er approach.

As usual, low cost is a main issue. Optical packet switches must lower the cost

per bit for data transmission to make them advantageous. It is also necessary

that optical bu�ers have low power consumption, low heat production, and a

small footprint - the main challenges facing the scalability 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 architecture 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 dynamically variable
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storage time. Each consideration must be weighed when developing an optical

bu�er. The requirements are summarized in Table 2.1. The following study

assumes that the bu�ers do not include any regeneration. Thelimits would be

greatly reduced if 3R regeneration was incorporated into the design.

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 of the most promis-

ing and prominent optical router bu�ering approaches. The bu�ering approaches

can be grouped into three subsets: two types of transparent optical bu�ering ap-

proaches and one approach based on the electrical conversion of packets. Trans-

parent optical bu�ering approaches rely on delaying packets by increasing total

transmission time, either by decreasing the group velocity(slow light bu�ers),

or increasing the physical length (delay line bu�ers). Slowlight bu�ers can be
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divided into two types; devices using material-based resonances and those using

coupled resonant structures (CRS). Delay line bu�ers are also categorized into

two subsets; feed forward and feedback.

Slowing mechanisms proposed for optical bu�ers use strong resonances be-

tween electromagnetic waves (CRS) or between an electromagnetic �eld and a

polarizable medium (material-based). Examples of the two types are shown in

Figure 2.2(a) and Figure 2.2(b). In CRS such as gratings and photonic crystal

defects, the group velocity is reduced by lengthening the light path through re-

peated re
ections; the group velocity decreases drastically in the vicinity of the

photonic bandgap. The band structure for polarizable mediabu�ers looks very

similar to that of the appropriate CRS dispersion curve withbandgaps created

from strong material resonances. For the application of optical bu�ering, electro-

magnetically induced transparency (EIT) devices using resonances with exciton

excitations in semiconductors are studied for their compactness. Population os-

cillation is an alternative material-based slow light technology similar to EIT. It

uses a carrier population grating to create the material-based resonance. A more

detailed overview of slow light bu�er mechanisms can be found in [1]-[2].

Delay line bu�ers provide a practical solution and have demonstrated the best

results. The two types are shown in Figure 2.3(a)-2.3(b). Data in a feed-forward

bu�er is sent through a given delay line only once. The bu�ersmust therefore use

the same number of delay lines as the desired variation in delay times. Feedback

bu�ers are operated to use the same delay line repeatedly. Ina feedback bu�er
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(a) (b)

Figure 2.2: (a) A photonic crystal waveguide - an example of a coupled resonator
structure that can be used for slow light. (b) Energy levels providing resonances
for electromagnetically induced transparency.

the length of the delay line determines the resolution of possible delays and in

general should be made the length of the packet payload. The number of delay

variations and maximum storage time are determined by the maximum number

of recirculations.

(a) (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 necessary to consider the

challenges in the electrical domain. Although speed appears to limit the scalability

of electrical RAM, recent research shows that silicon-based CMOS RAM can be

used as a storage medium for optical packets at data rates up to 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 long storage times, large

capacity, and random access at arbitrary times. However, loss and component

complexity has limited the design to packets of less than 10 bytes [3]. The bu�er

uses serial to parallel conversion of packets, and therefore each packet must be

split into the same number of streams as bits in the packet. The maximum amount

of splitting, and therefore maximum number of bits is determined by the amount

of power needed to accurately read the bits. The restrictionon 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 advantages, 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 potentially o�er a compact so-

lution that has continuously variable storage times and canhandle asynchronous

packets of varying lengths. However, dispersion, bandwidth, and loss are funda-

mental issues that will limit the use of slow light devices asbu�ers.
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Slow light shows promising results if data rate and packet length are ignored.

Figure 2.5 shows the relative compactness and loss tradeo�sfor variations on

slow light compared to integrated feedback bu�ers. Electromagnetically induced

transparency under extreme cooling (7 K) and ideal coupled resonators show the

best results in this �gure because of the large degree of slowing they impart.

However, the three regions show a lot of overlap in terms of the degree of delay

per loss, despite the very large e�ective group index of the slow light methods.

This is due to very high losses which will end up being one of the limiting factors.

Figure 2.5 uses recent results in the �eld for the lowest propagation losses and the

highest indices of refraction. The best slowing results were commonly obtained

using optimal pulses in short devices. The data used for the �gure is presented in

Table 2.6.

Figure 2.5: Size and loss tradeo�s for slow light bu�ers compared to feedback
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 the index and operable bit

rates with these parameters. The same relationships were also developed for

basic recirculating bu�ers for comparison. The recirculating bu�er simply has

a constant index across the bit rate range. Therefore, dispersion places only a

limit on the storage time. However, the maximum and minimum bit rates can be

de�ned by the dispersion limit and practical size limit with several assumptions.

The simple equation,

BL jD j4 � � = 1; (2.1)

is used to �nd the approximate dispersion limit by choosing aconservative length

of 10 meters for the total maximum bu�er delay. The value usedfor the second

order dispersion, D, is 900 ps/nm�km for silicon waveguides [4] and 50 ps/nm�km

for silica (measured). Along with a spectral source width of2 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, integrated recirculating bu�er.

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

must be short enough such that the loss block is not too large.Therefore, for a
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packet length of 10 bits and a maximum single circulation length of 2 meters, the

bit rate must not be less than 500 Mb/s for silicon and 1 Gb/s for silica. For a

packet length of 200 bits, the minimum bit rate increases to 10 Gb/s and 20 Gb/s

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

Figure 2.7: Comparison of operable bit rates.

The largest limiting factor for electromagnetically induced transparency is the

transparency bandwidth, however we demonstrate here that even if this issue

is resolved, dispersion will still greatly limit the deviceperformance. Although

second-order dispersion is eliminated through the use of twin resonances in EIT,

third-order dispersion must still be considered. As bit rate or length increases,

less dispersion is allowable and therefore not as much slowing is possible. These

parameters determine the allowable dispersion and therefore the maximum group

index. The equations for maximum propagation in the presence of third-order

dispersion, calculating third-order dispersion, and EIT group index are taken from

[1] and shown below.

B [� 3Lmax ]1=3 = 0:324 (2.2)

� 3 =
6
 p �n
c
 4

(2.3)
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ng = �n + �n

 2

p


 2
(2.4)

The three equations are combined to yield the relationship between EIT group

index and bit rate.

ng = �n
�

1 +

 p

9:4 � B
p

N

�
(2.5)


 p is the plasma frequency and is estimated to be approximately2�1013 Hz using

a value of 21 Angstroms for� 21=efrom [3]. The minimum bit rate is determined

from the maximum time delay due to coherence time and the packet length [1].

Population oscillation is studied as an alternative to electromagnetically in-

duced transparency due to its larger linewidth, however it is demonstrated that it

is still too narrow to be used in a practical bu�er. The equation for the slow-down

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

S(! 0) =
n2

n1
+

c� � (! 0)
n1! 1=2

(2.6)

! � 3dB

! 1=2
=

s
ln(2)

L� � (! 0)
: (2.7)

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

bit rate and packet length.

ng =
1

16� 2

c� � (! 0)ln(2)
N � B

: (2.8)

An approximate value of 106 m� 1 is taken from reference [5] for the absorption

dip depth.

Third-order dispersion is also responsible for limiting the maximum operable

bit rate in slow light resonator structures. Using the maximum bit rates from
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reference [1], the relationship between index and speed is known.

ng = �n
Bmax

B

�
1 �

�n2

�ng
2

� � 1
2

�
1

ln
�

nH

nL

�
+ ln[

ng

�n

 

1 +

s

1 �
�n2

�ng
2

!

]

: (2.9)

The minimum bit rate for the resonators is determined by the maximum time

delay and the packet length. The maximum time delay is determined from the

waveguide loss at the point where half of the optical power isdissipated [1].

Figure 2.8(a) plots the previous equations to demonstrate that bit rate greatly

restricts both subsets of slow light approaches. Material-based resonator devices

and coupled resonator structures are limited by linewidth and third-order disper-

sion as bit rate increases and by dephasing (loss) for low bitrates. It can also be

seen that as the bit rate increases, the index of refraction decreases. The maxi-

mum bit rate is the point at which it is no longer possible to subject the data to

the dispersive slowing phenomena without damaging the data. Integrated recir-

culating bu�ers implementing either silicon or silica delay lines are limited at low

bit rates due to practical size considerations and limited in length by second-order

dispersion. Figure 2.8(b) shows the e�ect of requiring operability for more reason-

able packet lengths of 200 bits (25 bytes). Although this packet length is still not

long enough for reasonable throughput, it is close to the maximum length that can

be used with any slow light approach - only an ideal coupled resonator structure

would be able to operate in this regime. The packet length de�nes the minimum

required delay time to perform the bu�ering needed to resolve contention and

therefore the minimum length of the device. As the device becomes longer, less
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(a)

(b)

Figure 2.8: Maximum index as a function of bit rate for (a) 10 bit packets and
(b) 200 bit packets.

dispersion is acceptable. Figure 2.9 shows the maximum slowing achievable with

increasing packet length; demonstrating the strong decrease in performance as

delay time increases. However, it is clear from the �gures that integrated recir-

culating bu�ers are a suitable approach, capable of operating 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 operable bit
rate.

2.2.3 Delay line

Over the last decade there have been several bu�er architectures that have

achieved good results, but whose success will be limited by either large component

counts or component complexity. Optical storage of at least0.1 ms has been

demonstrated using feed-forward architectures such as a folded-path bu�er [6] and

�ber Bragg gratings [7], as well as feedback architectures employing parametric

nonlinearity in �ber [8] and �ber nonlinear loop mirrors [9]. High data rate

results were achieved as early as 1998 using a compensating �ber loop bu�er to

achieve 20� s of storage at 40 Gb/s [10]. However, scalability, footprint, and

power consumption are large issues for future core routers requiring 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 countand small foot-

print. Thus far, integrated switches as developed by our group [11] and Chi et

al. [12] show promise of o�ering a practical solution. Recirculating bu�ers meet

all necessary requirements. Limitations resulting from noise accumulation can be

reduced with optical �ltering, as is performed in optical transmission systems.

Although feedback bu�ers are optimized for a set packet length, solutions are

being examined to manage this issue externally (Chapter 8).Most importantly,

the optical bu�er design reported in this thesis o�ers a solution 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 o�er simultaneous

reading and writing as well as speed-up, as was discussed in Chapter 1.

2.2.4 Approach comparisons

The technologies for optical bu�ering that are amenable to integration are

compared in Table 2.10. This table demonstrates the di�culty in �nding a suc-

cessful bu�ering approach. Slow light bu�ers would degradenetwork performance

by limiting packet length and therefore network load. The technologies su�er from

losses and dispersion which yield a low bandwidth-delay product. This results in

impractical bit rates and capacities. Feed-forward bu�ershave shown good results

and do not place any limit on packet lengths, but may be impractical for imple-

mentation due to high component counts. Combination electrical-optical bu�ers

using CMOS photonic RAM are also impractical due to component count 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 feedback con�guration, but

may also be concatenated to build a feed-forward bu�er that can be used for

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

Figure 2.10: Overall comparisons of bu�er approaches. * Density taken at700
Gb/s, the largest bit rate used for comparable slow light density calculations.

2.3 Bu�ering results

The reported bu�ering demonstrations thus far have been limited to only

multi-component delay line bu�ers, but the performance hasbeen 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. The best experimental

bu�ering results are shown below in Table 2.11, showing thatpast approaches

have performed well, but a compact solution has yet to be demonstrated.
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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 approaches in both promise

and experimental demonstrations, but must be integrated before they pose a re-

alistic optical bu�ering solution. Solutions must addressintegration in order to

lower cost and improve performance and reliability. Slow light bu�ers are inter-

esting in the push to reduce footprint, but are met with fundamental limitations,

largely in the form of a bandwidth-delay limit. The photonicchip optical bu�er

presented in this thesis is therefore highly important and,we 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 presentedin the previous

chapter relies on the ability to design and fabricate a high extinction, low loss, fast

two-by-two switch. The LASOR project has shaped several of the 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 competitive optical router.

Optical packet switching was described in Chapter 1 and is assumed in the design

of the switch and complete bu�er. The switch presented here meets and exceeds

all of the requirements.

3.1 Switch requirements

The two-by-two switch must a�ord negligible power penalty for data rates

40 Gb/s and above, be able to switch within packet guard bands(< 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 thedelay loop. The

requirement on bit rate comes from the system level, but alsoprovides bene�t at
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the component level. As mentioned previously, optical routers hold promise to

o�er bene�t in power and footprint for data rates for 40 Gb/s and above. For

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

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

bu�ers to store packets in smaller lengths. At 40 Gb/s a 40-byte packet is 8 ns

long, while at 10 Gb/s it would be 4 times longer and require over 32 ns of delay

loop length. This delay length would greatly increase the lumped loss and reduce

overall performance.

The second requirement on switching times is necessary for ahigher ratio of

payload data to overhead in order to maintain good throughput. The minimum IP

packet size of 40 bytes will be used with this bu�er approach.By forbidding longer

packets, the throughput is already reduced. Throughput is ametric for the amount

of work performed in time, in this case the percentage of space taken by data

payloads. Longer guard bands, headers, and labels all reduce throughput. It is

necessary that data can be packed closely together for e�cient use of capacity. The

bu�er should not limit the reduction of guard band lengths and should therefore

conservatively be able to switch in 1 ns.

Lastly, the switch must have high extinction and plenty of gain to maintain

a high optical signal-to-noise ratio (OSNR). The recirculating bu�er architecture

is equivalent to the cascading of several switches. Leakageof the 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 therefore can
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be related to crosstalk for some switch architectures. Crosstalk is the di�erence

in the power in the unintended output port compared with the intended output

port. A high extinction ratio for the optical bu�er switch wi ll lead to low crosstalk

and enable packets of data to co-exist in the switch while oneis bu�ered and the

other bypasses. Coherent crosstalk would create interference between the signal

and leaked bits which will create random 
uctuations throughout the signal. In-

coherent crosstalk, while not as detrimental will simply add to the noise, thereby

lowering the OSNR. The OSNR is also directly related to the amount of gain avail-

able. Insertion loss of any port con�guration, especially in the loop, will lower the

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

3.2 Switch material platform

The material platform chosen for the bu�er's two-by-two switch was not a re-

quirement, but highly preferable based on project goals, history and agility, as well

as performance. Under the LASOR project, several photonic integrated circuits

have been developed using the same platform with the ultimate, although long

term, goal of complete monolithic integration. Eventual integration of a bu�er

with the packet forwarding chips (PFCs) and an arrayed waveguide grating router

(AWGR) may be optimistic, but is may be essential. The sharedmaterial plat-

form also provides the bene�t of supplying knowledge of prior characterizations

as well as reliability. The material platform has shown consistently good results

and passive and active measurements from other LASOR graduate students were
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useful for design. This will be discussed further in Section3.5. Lastly, the o�set

quantum well structure a�orded ease of fabrication for de�ning active and passive

devices (Appendix A) as well as low con�nement for higher ampli�er 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 components such as

passive waveguides, ampli�ers, tight bends, and spot size converters as well as for

more complicated components such as monolithic wavelengthconverters [3, 4].

Ampli�ers and the passive components listed above were usedin the design of

the bu�er switch and will be covered in this thesis. Illustrations are provided

below in Figure 3.1 for the various component cross sections. Appendix A may

be referenced to understand the process required to obtain each cross section and

for further fabrication details.

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

In the course of this thesis, we examined several options forswitching. The

semiconductor optical ampli�er (SOA) gate matrix switch was chosen as the most

promising switch for recirculating bu�ers because it has the highest extinction

ratio while also providing fast switching and inducing little loss. We also also

evaluated InP-based optical switches using Mach-Zehnder Interferometers (MZI),

Michelson interferometers, tunable multimode interferometers (MMI), and electro-

absorption modulators (EAM). The interferometer approaches 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 while also exactly matching

the power in both arms. Therefore, the design featured additional control of the

MZI arms using a total of 3 pads for either current injection or to apply a reverse

bias as illustrated in Figure 3.2. Unfortunately, the extinction 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 exhibited between

-17 and -39 dB of crosstalk via current injection. The switching curves are shown

in Figure 3.3. However, �eld-based operation was needed forfast switching and

resulting in only 7 dB of extinction. The RF Mach-Zehnder modulator extinction

ratios achieved by the material platform is commonly around10-15 dB [3, 5].

An alternative to interferometric two-by-two switches aregate matrix switches,

which can provide the extinction that interferometric architectures lack, but in-

duce much greater losses. The layout of a simple two-by-two gate array is shown
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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 signal is split toward both

outputs, and the gating element is opened only on the path to the desired output.

Therefore, the extinction, crosstalk, and switching time are equal to that of the

gating element. A common gating element is a semiconductor optical ampli�er

(SOA); however, EAMs may also be used. EAMs o�er the bene�t ofvery short

switching times and o�er high extinction, but require an additional quantum well

stack [6]. Although SOAs do not switch as quickly, they can generally switch in

less than 2 ns depending on the material platform, length, and other 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 path) and are easy to

fabricate with the preferred material platform.
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(a)

(b)

Figure 3.4: Schematic of a gate matrix array 2x2 switch implementing MMIs
splitters and couplers showing (a) the bar state and (b) the cross state.

3.4 First generation switch results

The �rst successful generation of devices was used to choosethe SOA gate

matrix as the optimal switch architecture and provide information for the next

generation design. The best results were obtained from the SOA gate array design

shown below in Figure 3.5(a). An SEM picture of the device is shown in Figure

3.5(b). The ultimate success of the device was limited due tohigh insertion loss,

but the device demonstrated fast switching, high extinction, and negligible power

penalties as expected [8].

3.4.1 Measurement setup

All of the switch testing was performed on devices that were soldered and

wirebonded to aluminum nitride submounts and a�xed using thermal compound

to a thermoelectric cooler. The optical signal (1556.5 nm) was modulated using

an SHF 50 Gb/s BERT with RZ 27 � 1 pseudo-random bit sequence (PRBS) data
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(a)

(b)

Figure 3.5: (a) Schematic of the �rst generation SOA gate matrix switch and
(b) SEM micrograph of the fabricated switch.

at 40 Gb/s. At 40Gb/s the BERT was limited to a PRBS length of 27 � 1 at the

time of measurement. Measurements for 10 Gb/s were taken forup to 231 � 1.

An erbium doped �ber ampli�er (EDFA), 1.2-nm thin �lm bandpa ss �lter, and a

variable optical attenuator were used to control the input light. Conical-tipped

lensed �ber arrays were mounted on translation stages for coupling to and from

the devices. Switching times were measured using continuous wave (CW) light

and by modulating the injection current of the gating ampli�ers using a 3 GHz

HP pattern generator.

3.4.2 Results

Static measurements were performed to verify the high extinction of the switch

and note the gain. The highest crosstalk was -42 dB and the extinguished signal

was buried in ASE at -45 dB below the signal, yielding an extinction ratio greater

than 40 dB. The insertion loss of the port con�gurations including �ber-to-chip
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coupling ranges from 4 dB to 26.5 dB, with between 5 and 7 dB of loss per port

from �ber coupling. The least loss was found for transmission from port 2 to port

3 which included a pre-ampli�er and the longest SOAs in the design. Increasing

the wavelength to the gain peak of 1575 nm provided 3 dB of extra gain. The

gain peak was longer than desired due to heating, which is partially 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 penalty for each port

con�guration. The back-to-back measurement was taken as a reference for the

system by bypassing the device under test with a �ber patch cord. The primary

limitation of sensitivity was ampli�ed spontaneous emission (ASE). The same

measurements were repeated again at 10 Gb/s with NRZ27 � 1 and231 � 1 PRBS

data to show the in
uence of word length. Longer word lengthsare expected to

add extra power penalty because of pattern e�ects due to the presence of longer

strings of zero or one bits. The power penalty for231 � 1 PRBS data is 1 dB,

only 0.25 dB above that found for measurements using27 � 1 PRBS data. The

measurements are shown in Figure 3.7.

The dynamic range of the optical switch was explored by measuring BER

curves over a large range of optical input power, and was found to be greater than

15 dB. The de�nition of dynamic range used here is the range ofoptical input

powers that have less than (109) BER while providing less than a 2 dB power

penalty for a pre-ampli�ed receiver. At lower powers the OSNR is too low to
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Figure 3.6: BER versus optical receiver power for all port con�gurations at 40
Gb/s RZ 27 � 1.
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Figure 3.7: BER versus optical receiver power for transmission from Port 2 to 3
at 10 Gb/s with 27 � 1(dotted lines) and231 � 1 NRZ PRBS.

�nd an error-free threshold, while at higher input power theampli�ers become

saturated and induce one level noise. Nonlinear gain saturation 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 transmission paths are
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similar for lower powers, but as expected, the in
uence on the upper 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 traces are
shown for transmission from Port 2 to 3 and Port 1 to 3 for 40 Gb/s RZ 27 � 1.

As previously noted, recirculating bu�er switching must occur in the guard

bands between packets. Switching times versus optical input power are shown in

Figure 3.9 for varying gating currents. Higher input powersand gating currents

both yield faster rise times since the photon density levelsare closer to that needed

for stimulated emission [9], [10]. However, for this application there is no input

power in the switch while switching between packets. Therefore, switching times

will occur on the curve at the limit found for decreasing input powers. The rise

times shown in Figure 3.9 are from 20% to 80%. Further switching 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 powerto 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 switch in less than 2

ns, provided plenty of extinction, and had a large dynamic range which would be

very important for recirculations. Several lessons were learned from the results,

the simplest being that more gain was necessary. This knowledge along with the

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

3.5 Simulations for second generation design

A many-body gain model was used to optimize ampli�er lengthsfor the SOA

gate matrix switch during bu�ering operation. The �rst generation of device re-

sults as well as other colleagues' device measurements provide information about

gain, but can not easily predict the ampli�ers' behavior during multiple circu-

lations. Hyundai Park performed simulations using analytical 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 circulations [11]. Therefore,

although it was necessary for the ampli�er lengths to be longenough to achieve

zero insertion loss, it was also important to keep them shortto reduce pattern

e�ects and ASE. The simulations directed the design to a goodcompromise for

the ampli�er lengths.

The base Matlab code is a traveling-wave rate-equation model composed by

Vikrant Lal using many-body gain spectra [12, 13] . A numerical method is used

to estimate the carrier dynamics in an SOA and provide the output signal for

an input bit stream. One of several gain models can be used forthe simulation.

With the exception of one bulk model, all of the models are based on the standard

o�set quantum well platform described in Section 3.2. A model was chosen that

best �t the gain curves from the �rst generation of devices. Figure 3.10 shows

gain as a function of current density for two ampli�er lengths, demonstrating

good matching between experiment and theory. The simulation code was then

incorporated into a Matlab code which sent a matrix of power and time values

through the loss elements and SOAs that a bit stream would experience for a

given bu�er storage time.

Each of the ten ampli�ers that populate the InP switch were varied in length in

the simulation tool to �nd a successful design. The initial lengths were estimated

based on saturation powers and predicted losses. The distribution of the gain

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

signal power can be greatly ampli�ed before reaching saturation. Therefore the

ampli�er directly after the delay loop will be one of the longest. However, it is

also bene�cial to enter into a large loss element with a lot ofpower to maintain

good OSNR. The ampli�er before the delay is also one of the longest and is the

only SOA that has a 
ared waveguide. By 
aring the waveguide from 3 microns

wide to 6 microns wide, the saturation output power is raisedby 3 dB [5]. The

disadvantage is that more current is needed and heating is increased.

Although the overall needed gain is easily approximated, variations are mag-

ni�ed with increasing circulations and the simulation toolwas needed to predict

the ultimate ampli�er lengths and maximum storage times achievable. During the

initial simulations, the starting lengths were optimized to equalize the provided

gain with the incurred loss. Subsequent simulations were performed to better

distribute the gain to reduce pattern e�ects. Pattern e�ects were measured using

the overshoot of the produced eye diagrams, where overshootis de�ned as the

ratio of the eye opening to the one level noise. Eye diagrams for 10 circulations
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are shown in Figure 3.11 for two di�erent input powers. As canbe 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 a s much as possible. A

comparison of further simulations with experimental bit streams and eye diagrams

will be presented in Chapter 7.

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

The many-body gain model was a good tool for design, but can not easily

predict the maximum storage time for error-free packet recovery. Although the

simulated bit stream begins with a given extinction ratio, the zero level noise is

underestimated. ASE from the ampli�ers is not calculated and is the limiting

factor in the end. In addition, the OSNR at which packets wereno 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 the �rst switches as

well as the simulation work to end up with an InP-based two-by-two switch that

meets all of the requirements. The testing covered all of thesame measurements

as the �rst generation to characterize the switch before using it for bu�ering

demonstrations.

3.6.1 Device design

The optimization of the ampli�er lengths and the rearrangement of the waveg-

uides resulted in a switch that would be suitable for the bu�er structure. For this

generation, all of the switches had four ampli�ers for pre- and 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 the port heading

to the delay. A new component in the design was the tightly con�ning, deeply

etched bend to avoid crossing waveguides while allowing theinput and output

ports to be positioned on the side opposite to the delay ports. The deeply etched

90 degree bends are shown in the inset of Figure 3.12(b). The schematic 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 were soldered and

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

(b)

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

to a copper mount. The submounts were cooled to approximately 18 degrees

C. Lensed �bers were used to couple light on and o� the chip at each of the

four ports. The optical signal (1550 nm) was modulated usingan SHF 50 Gb/s

BERT with RZ 231 � 1 pseudo-random bit sequence (PRBS) data at 40 Gb/s. A

variable attenuator and a polarization controller were placed in the setup before

the device to maintain a TE-polarized input since the quantum well ampli�ers are

polarization dependent. A 1.2-nm bandpass �lter was placedbefore the receiver

to reduce the ASE.
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3.6.3 Results

Static measurements and bit error rate testing were performed using contin-

uous data at 40 Gb/s to characterize the performance of the second generation

switches. The chip gain from the input port �ber to the delay �ber was ranged

from 0 to 2 dB for the port con�gurations, a vast improvement over the �rst

generation. The gain peak was again shifted to longer wavelengths, as shown in

Figure 3.13 as a result of heating. The gain of the ampli�ers was measured for

increasing power and the 1-dB gain compression was an input power of -8 dBm for

a 650-micron long ampli�er and -3 dBm for a 450 micron long ampli�er (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 ampli�ers) in silica
delay chip.

Sub-nanosecond switching was implemented using a signal converting board

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

switching rise and fall times were measured using a fast photodetector and os-

cilloscope and were 1 ns or less for the longest ampli�er (Figure 3.15). The

switching time varied by less than 150 ps with optical input power, an important

characteristic for a recirculating device, but were shown to decrease dramatically

with increased current. The switching times are shown in Figures 3.16(a) and

3.16(b).

The smallest extinction ratio measured for a short gating ampli�er length of

200 microns was 38 dB. A 40 Gb/s signal with an average input power 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 screen 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 theleaked output
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Figure 3.15: Switching rise and fall times captured on the oscilloscope for the
second generation of devices. The time scale is 2 ns/division.

signal when the shortest gating ampli�er (200 microns) turned 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. The back-to-back measure-

ment was taken as a reference for the system by bypassing onlythe device under

test with a �ber patch cord. The measurements show negative power penalty due

to reshaping from the ampli�ers and the bandpass �lter used to reduce the accu-

mulated ASE. The dynamic range of the input power is shown below 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 demonstrated sub-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 power penalty over
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a 15 dB range. This metric and the extinction ratio will be critical for the cas-

caded operation the switch will experience during recirculations. The switch was

characterized to �nd optimal operation points for optical bu�ering. The bu�ering

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

(b)

Figure 3.16: (a) Rise (outlined light markers) and fall (�lled markers) times for
a 400 micron long ampli�er (circles) and a 500 micron long ampli�er (squares) (b)
Switching times as a function of current.
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(a) (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 Gb/s with
231-1 PRBS.

Figure 3.19: Input power dynamic range and oscilloscope screen shots of bit
streams for a signal traveling from the input port to the delay port.
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Chapter 4

Silicon oxynitride delay line

The recirculating loop is the second and only remaining component of the

bu�er, important for providing nearly transparent delay. The success of this

optical bu�ering approach relies on the minimizing of losses, thereby requiring

the use of a waveguide delay with very low propagation loss. This eliminates

the possibility of building a monolithic bu�er as InP passive loss is on the order

of 1 dB/mm. Silica-on-silicon waveguides are inexpensive,readily available, and

nearly transparent at the desired wavelengths.

4.1 Delay line requirements

Silicon oxynitride waveguides a�ord the passive characteristics that the bu�er

requires, while providing a chip-level solution. Recirculating bu�ers have been

made successfully with �ber delay lines, reaching 300 circulations for 40 Gb/s

packets [1]. However, all previous bu�ers have been comprised of more than a few

components and have no near term chance of integration. The obvious advantage

of integration is in reducing footprint and cost, which will be key in populating
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optical routers. For example, if 20 bu�ers are needed on eachport of a 1 Tb/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, integration through

photonic chips generally lowers cost and improves performance and reliability over

non-integrated solutions [2]. Our hybrid approach is a steptowards large scale

integration, which will be discussed in Chapter 7.

Silica incurs low propagation losses while a�ording easy fabrication. For short

waveguide lengths such as those connecting photonic integrated circuit elements,

higher losses are acceptable, but the long delay length required here meant low

losses were necessary. For a practical ratio of useful payload data to overhead

like guard bands and headers, the minimum packet size was setto 40 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 indexof 1.45. In addition,

an extra delay of at least 3 ns is required for switching between packets. In order

to remain above the ASE level from the SOAs, less than 30 dB of loss should be

induced. With 15-20 dB from coupling alone, less than 10-15 dB, or 0.05 dB/cm

should be incurred from delay line propagation. These numbers are achievable

with silicon oxynitride.

Lastly, silica waveguides induce low dispersion, the remaining requirement

placed on the recirculating bu�er delay line element. Any type of dispersion can

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

ps/nm is allowable [3].

4.2 Silicon oxynitride waveguide structure

A standard buried ridge waveguide structure provided the necessary low prop-

agation loss at the expense of large bend radii. Silica waveguides are commonly

de�ned using a core that has a slightly higher index due to more nitride incorpo-

ration. The index di�erence is therefore low, providing a weakly guided structure.

Weakly guided waveguides have the advantage of low loss, butalso require larger

bend radii and therefore more real estate. Although the index di�erence can

be increased by increasing the nitrogen content, this increases the propagation

losses. For the �nal waveguides, a 0.76% index contrast was used and the bottom

cladding, core, and top cladding thicknesses were 13, 5.5, and 15 � m respectively.

The silica-on-silicon device fabrication is a simple process and was performed

by ANDevices, Inc. Chemical vapor deposition (CVD) is �rst used to build the

bottom cladding and core layers. After contact lithographyand development,

reactive ion etching (RIE) is used to de�ne the waveguides inthe core. CVD is

then used again to cover the waveguide with the top cladding.The process is per-

formed on a 6" wafer which is subsequently diced and the facetedges are polished.

Although the fabrication process is simple, an outside vendor was chosen to make

the silica-on-silicon to guarantee the purity of the silicon oxynitride and achieve
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the lowest possible losses. The waveguide core cross-section was 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 thesilica delay line,

leaving only the waveguide layout to be designed to minimizelosses and footprint.

The structure dictated a minimum bend radius of 6 mm in order to induce 0.1

dB or less for each 90 degree bend. A spiral con�guration as shown in Figure

4.2 yielded the smallest chip area while avoiding crossing the 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 which will be presented in

the following section. Three sets of spirals will not be discussed in this thesis

as two were designed to couple to synchronizer switches and the third set was

for a double bu�er. The remaining �ve of the spirals were designed for use with

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

minimum area needed for the delay is 6.4 cm2.

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

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

A Matlab program was written to automate the spiral design and layout while

achieving the correct delay line length. As mentioned in Section 4.1, the delay

line had to be long enough to �t an entire packet (8 ns) and the additional guard

band time for switching (3 ns). A secondary parameter is the clock cycle of the

electronics which gives the shortest increment of time thatthe electronic signaling

can be adjusted. The electronics used for the LASOR team router and testbeds

have a clock at 155.52 MHz which yields a cycle of 6.43 ns. Therefore, the optimal

delay line length for the bu�er and system was 12.86 ns, a multiple of the clock

cycle and just slightly longer than the delay required to hold 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 designs, larger areas

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

4.4 Silica passive measurements

The silica-on-silicon waveguides provide a nearly transparent delay loop. Pas-

sive measurements were taken over a wavelength range from 1525 nm to 1575

nm for the silica waveguides using an Agilent All-ParameterAnalyzer. Measure-

ments show propagation losses of less than 0.04 dB/cm at 1550nm that varied

less than 0.001 dB/cm over the 50 nm span (Figure 4.4). Polarization depen-

dent loss for 150 cm of waveguide was approximately 1 dB (Figure 4.5(b))and

chromatic dispersion was approximately 130 ps/nm�km (Figure 4.5(a)). The

birefringence quoted by the foundry was 0.00001, thereby nearly eliminating po-

larization mode dispersion for these short lengths. These measurements show that

the silica waveguides meet the requirements presented in the �rst section of this

chapter.

4.5 Integration

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

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

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

practical optical bu�ering approach.
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(a)

(b)

Figure 4.5: Dispersion measurements for (a) chromatic dispersion and (b) po-
larization dependent loss.
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Figure 4.6: This photograph shows the InP chip on carrier butt-coupled to 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

ampli�ers and a �ber delay demonstrated successful packet storage for up to 8

circulations. This device was used as a prototype to demonstrate bu�ering �rst

with a lower loss optical �ber delay element before implementing 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 would not limit the

error-free maximum storage time. This approach is not integrable, but can be

quite compact with new �ber that exhibits very small bend losses.

5.1 Measurement setup

Layer one and layer two measurements were performed on packets bu�ered by

the InP devices on carriers. As before, the InP switches weresoldered 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� C-20� C, although

heating was less during bu�ering as the ampli�ers were beingswitched. Switching
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was performed using an arbitrary waveform generator (arb) triggered from the

transmitter. The signals from the arb were converted from voltage waveforms to

constant current to obtain good switching characteristicsusing a printed circuit

board (PCB) board with op-amps.

Bu�ering was demonstrated using packets generated by an SHF50 Gb/s BERT

with 40 Gb/s payload data. Layer two packet measurements were made using 40-

byte packets which contained identi�er strings for characterization. The light was

coupled using lensed �bers for the bu�er input and output as well as the delay

loop. The lensed �bers used for the delay were each a little over 1 m long and were

connected with 2 m patch cord, resulting in approximately 450 cm of �ber and 23

ns of delay. A variable attenuator and a polarization controller were placed in the

setup before the device to maintain a TE-polarized input since the quantum well

ampli�ers are polarization dependent. A 1.2-nm bandpass �lter was placed before

the receiver to reduce the ampli�ed spontaneous emission (ASE). A schematic of

the measurement setup is shown in Figure 5.1.

Figure 5.1: Measurement setup including an attenuator, polarization controller,
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 packets was initially

studied at the layer one level. These measurements provide helpful information,

even though they can not resolve whether received data is error-free. For packet

testing, layer two measurements (Section 5.2.2) must be used to 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 increasing numbers of

circulations. The OSNR was measured by taking the di�erencein power of the

signal and the noise at a wavelength 1 nm away. These calculations were done for

a range of the input power to the device for all storage times from 1 to 10 circula-

tions. The back-to-back OSNR was 53 dBm. Figure 5.2 shows theexperimental

OSNR data overlaid with theoretical calculations based on static measurements.

As expected, the OSNR drops by the same value as the input optical power. The

di�erence in OSNR with increasing number of circulations isdue to the build

up of ASE, as already mentioned. The additional ASE was simply calculated 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 numbers of circulations and

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

5.2.2 Layer two

The optical recirculating bu�er provided storage for up 8 circulations with

greater than 98% recoverable packets. Packet recovery is used as a Layer 2 metric

that can demonstrate that the data was preserved and predictthe bu�er's ultimate

success in an all-optical router. The packet recovery metric was developed by the

LASOR team since there was no standard measurement for packet transmission

[1]. It does not look at every bit in the payload, but checks a 64 bit string and

recovers a packet only if all 64 bits are correct. This allowsthe packets to be

reordered if necessary and for actual data to accompany the identi�er string.

Packet recovery measurements veri�ed successful bu�ering. First, the dynamic

range of the bu�er was tested for 4 circulations and shown to be error-free over

an 8 dB range of input power (Figure 5.3(a)). This measurement also served

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

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

(a) (b)

Figure 5.3: (a) Packet recovery measurements for varying input power for a
delay of 4 circulations. (b) Packet recovery percentage as afunction 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 alleviated. This has

been found to be the case for other recirculating bu�ers as well [2]. This limiting

factor is partially con�rmed by the improvement provided by placing a bandpass

�lter 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 bu�er could thus

be improved with reduced overall losses, which would allow for shorter 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 bu�er stored packets for
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Figure 5.4: Improvement shown in packet recovery by using a bandpass �lter in
the delay line.

up to 184 ns with greater than 98% packet recovery and was randomly accessible

in time increments of 23 ns. Although this prototype was not completely 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 demonstrations. Two recirculating

bu�ers comprised of InP switches and low loss silica waveguide delays demon-

strated packet storage of up to 5 circulations and were used in cooperation to

resolve contention. Integration, whether hybrid or monolithic, provides bene�ts

in cost, stability, and power [1]. The hybrid bu�er presented 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 hybrid bu�er and

showed that although the overall loop gain was higher, less error-free circulations

were possible. Many of the same measurements from the last chapter will be

presented with the addition of experimental eye diagrams for comparison with the

simulations described in Chapter 3. The measurement setup remained the same
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for the bu�er characterization, but was changed signi�cantly for the contention

resolution demonstration to enable autonomous control.

6.1.1 Layer one

Layer one measurements showed that the InP switch provided more gain for

bu�ered packets than the previous generation. As before, optical signal-to-noise

ratios (OSNR) were measured by taking the di�erence in powerof the signal and

the noise at a wavelength 1 nm away. The 40 Gb/s spectrum out ofthe device

was not symmetric due to reshaping from the SOAs so the highest ASE values

were used for a worst case value. The measurements were done for all storage

times from 1 to 8 circulations. The back-to-back OSNR value was 45 dB. The

OSNR out of the bu�er drops by approximately 1.1 dB with each circulation due

to the buildup of ASE beginning at about 20 dB worse than the back-to-back. The

OSNR and gain of the bu�er is shown in Figure 6.1. The gain initially increases

with the number of circulations since there is slight gain inthe 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 the signal.

The signal spectrum was examined to provide insight into thereshaping per-

formed by the ampli�ers which causes the negative power penalties seen in the

switch bit error rate plots. An optical spectrum analyzer (OSA) was used to cap-

ture the spectrum for one through eight circulations. As canbe seen in Figure

6.3, the spectra gets dramatically reshaped for the �rst circulation, but changes
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Figure 6.1: OSNR and gain for increasing storage times from 12.6 ns to 100.8
ns using an integrated bu�er.

Figure 6.2: Schematic of measurement setup including an attenuator, polariza-
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 the bandwidth of the

1.2 nm bandpass �lter placed before the receiver, thereby resulting in improved

signal and negative power penalty.

The semiconductor optical ampli�ers were expected to add some chirp, jitter,

and reshaping to the pulses, but minimal e�ects were measured. The nonlinearity

of SOAs has been shown to add either negative or positive chirp as well as advance

or delay pulses depending on various parameters [2]. Therefore, the 40 Gb/s

RZ signal was analyzed using an optical sampling oscilloscope with picosecond

resolution after transmission through one circulation of the photonic chip bu�er.
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Figure 6.3: OSA screen shots showing the back-to-back (btb) optical spectrum
and spectra for increasing numbers of circulations. The wavelength 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 thepulses. 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 back-to-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 again to look at the pulses

after one circulation in the photonic chip bu�er. However, after bu�ering the

signal was also transmitted over several kilometers of �ber. Negative chirp causes

a pulse to compress slightly during transmission before broadening at a elevated

rate while positive chirp simply causes faster broadening.Figure 6.5 shows that

there is little noticeable di�erence apart from one level noise 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/ssignal
transmitted through the device with and without a 1.2 nm bandpass �lter 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 Chapter 3 were

compared with experimental results to demonstrate the validity of the model. The

model was �rst �t to the most recent ampli�er gain curves, as shown in Chapter

3, and repeated for two more ampli�er lengths here in Figure 6.6. The model

does not include heating e�ects and therefore strays from experiment for high

current densities. However, the model matches one level noise well, as can be seen

in Figures 6.7 and 6.8. The pattern e�ects are easily observed in the bit stream

traces, showing that long strings of zeros will lead to a larger standard deviation of

the one level and therefore a lower Q and higher BER. The bit streams were taken

from 40 Gb/s, 40 byte packets that were transmitted through one circulation of

the most recent generation of devices.
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Figure 6.5: Eye diagrams from an optical sampling oscilloscope for short trans-
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 greater than 98%

packet recovery for up to 5 circulations, or 64 ns. InP switches from several

process runs were tested. The �rst switch had slightly less loop gain, but was able

to reach 3 circulations with packet recovery over 99%. The packet recovery plot is

shown in Figure 6.9(a). The next set of InP switches suppliedmore gain and two

operated well at 5 circulations. The packet recovery was over 98% and is shown

in Figure 6.9(b). The reduced packet recovery is from the lowered 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 measure-
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 are performed with syn-

chronous packet streams, routers receive packets randomly. This 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 synchronizer was built by

John Mack which aligned the incoming packets to the middle oftime slots and

therefore the bu�er clock. More information about synchronization can be found

in reference [3]. The packet recovery achieved by the synchronized bu�er for one

and two circulations are shown in Figures 6.10(a)and 6.10(b). An illustration of

the operation was shown previously in Section 1.3.
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Figure 6.7: Oscilloscope screen shots (left) and simulation results (right) showing
bit streams after one circulation with device input powers of 2, -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 cooperating to

resolve contention under scheduling control without operator interference. The

bu�ers ran autonomously using a payload envelope detect circuit to discern up-

coming contention, an arbiter to make bu�ering decisions, and electronic channel

processors to send signals to the bu�er device.

Bu�er operation without pre-programmed switching was important to demon-

strate that the bu�ers would be successful in a larger system, speci�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 oscilloscope eye dia-
grams (right) for one circulation for device input powers of2 and -6 dBm top to
bottom.

two bu�ers operating simultaneously. To enable autonomousoperation, half of

the incoming data was split to payload envelope detect (PED)circuits that give

the two electronic channel processors (ECP) knowledge of packet arrival (Figure

6.11). Each ECP sends port requests to the arbiter board (ARB) which tracks

the packets and makes bu�ering decisions. The ECPs send gating control signals

to the optical bu�ers for read, write, or bypass state operation.

The �rst experiment used bu�ers on two separate channels to perform con-

tention resolution under autonomous control. A stream of three packets was used

to exercise several bu�ering states (Figure 6.12). The bu�ers were required to

delay a total of four of the six packets (three packets on eachchannel) in order

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

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

bined. The sensitivity packet measurements show that all packets had greater

than 99.5% packet recovery (Figures 6.13(a) and 6.13(b)). Several of the packets

show negative power penalty due to the gating performed by the switch which will

decrease the ASE level and also reshaping from the ampli�ersas seen in device

bit error rate measurements.

The second experiment demonstrated the use of two photonic chip bu�ers

inline on one channel to provide contention resolution for an empty channel, and

more importantly show simultaneous multiple packet storage. The �rmware in the

arbiter was changed to re
ect the new positions and roles of the bu�ers, whereas

all hardware remained the same (Figure 6.14). The same stream of 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 which delayed the

�rst and third packet for one time slot and the second packet for two time slots

(Figure 6.15). Greater than 99% packet recovery was measured for all packets
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(a) (b)

Figure 6.10: Packet recovery measurements for a synchronized bu�er for 0, 2,
and 4 circulations for a packet that needs (a) 4.3 ns and (b) 8.6 ns of delay,
provided by a synchronizer.

Figure 6.11: Schematic of autonomous contention resolution system using two
bu�ered channels.

(Figure 6.16). The results for the concatenated bu�ers was slightly 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 circulations and

then used to provide contention resolution in a 40 Gb/s packet stream. Forty-byte

packets were stored for 64 ns and were 98% recoverable. Contention resolution
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Figure 6.12: Oscilloscope traces of packets at the inputs to the bu�er, bu�er
outputs, and combined output. Packets are 40 bytes long.

(a) (b)

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

was provided by two bu�ers in two system con�gurations. These demonstrations

show that the InP-based SOA gate matrix hybrid bu�er is a realistic bu�ering

technology to overcome a major challenge in optical router development.
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Figure 6.14: Schematic of autonomous contention resolution system using two
concatenated bu�ers on one channel.

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

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

ORAM improvements and future
work

Although the photonic chip recirculating bu�er has successfully performed

optical contention resolution, it is not yet viable for a full scale optical router.

The limitations placed on maximum storage time, packet length and polarization

must be examined further. In addition, the footprint, cost,and power should be

reduced, likely through further integration of the silica delay and InP switch.

Spot size converters were a major element that was added during the course of

this thesis for performance improvement. The performance of the optical bu�er

can be directly improved with spot size converters that reduce the coupling losses

between the InP switch and the loop delay. Spot size converters were designed

to change the mode of a waveguide to better match an input or output and to

increase tolerances for coupling alignment. Both functions serve to lower coupling

losses. The most common spot size converters are used to alter a waveguide

mode to increase the coupling to a �ber. In this case, a spot size converter was

designed for coupling into a large Gaussian mode which wouldimprove coupling

94



with both the lensed �bers and the silica-on-silicon buriedridge waveguide, being

of especially high importance for the latter. A reduction ofloss would enable

shorter ampli�ers, thereby reducing the ampli�ed spontaneous emission (ASE)

and in turn increasing the OSNR and allowing for longer storage times. Spot

size converters will be covered �rst and then followed by proposed future work for

performance improvement.

7.1 Spot size converter architectures

The optimal spot size converter (SSC) would reduce couplingloss while re-

quiring no epitaxial changes, adding no extra fabrication steps, and tolerating

refractive index and processing variations. Although manyspot size converter de-

signs for InP rib waveguides have been reported with good compromises between

these requirements, none has achieved wide acceptance [1, 2, 3]. This is mostly

because there is no widely accepted InP photonic integratedcircuit platform. The

lack of a standard platform is also the reason why a new mode converter design

was developed for the optical bu�er. Because none of the reported SSCs �t the

LASOR epitaxial structure exactly, a new design was composed based on several

mode converters from the literature.

Spot size converters use tapers to either change the original waveguide mode or

to force the mode to a di�erent waveguide that supports a larger mode. The former

generally requires a change in the vertical con�nement which is more di�cult than

changes in the horizontal plane. Horizontal tapering of waveguide widths can be

95



used to cut o� the standard rib-loaded thin guide and force the mode into a

lower, larger passive guide. In some cases an anti-re
ective grating is used to

assist in coupling between the guides [4]. For simplicity, dual waveguide mode

converters with transitions induced by only horizontal tapering were considered

for the optical bu�er SSC. Several mode converters of this type are shown in

Figure 7.1. It can be seen that the illustrated mode converters do not di�er much

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

Figure 7.1: Various spot size converters starting at the top left with reference
[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 used reliably

for waveguide and coupling simulations if the user is conscientious. The simu-

lation results must be checked to make sure that they are realistic. Mesh sizes

and bounds should always be varied to verify that the simulation results are sta-

ble. Lastly, the dimensions and tolerances of the design must �t with realistic

fabrication processes.

7.2.1 Structure

The spot size converter designed for the optical bu�er uses aquadratic hor-

izontal taper to force the mode from the standard waveguide to a 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 labeled as 'quat', short for

quaternary, in the illustrations of the cross section of thestandard rib guide in

Figure 7.2. One lithography step is added to the process in order to separately

etch and taper the 1.4Q waveguide layer which holds the mode in the upper stan-

dard guide. The ridge and the deep etch layers are also both used to de�ne the

spot size converter. The ridge is tapered and cut o� to force the mode into the

lower waveguide which is horizontally de�ned by the deep etch. These tapers and

mode evolution are illustrated in Figure 7.3 and the processis explained in detail

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

7.2.2 Results

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

� m Gaussian mode shape, low transition loss between waveguides and low diver-

gence, but the fabricated devices showed only improved misalignment tolerance.

Although the coupling loss was not reduced, the improved tolerance 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-two switch did not im-

prove the best coupling loss, but did show greater toleranceto �ber misalignment.

It is assumed that extra loss was induced from scattering during the transition

between the top and lower waveguides. The experimental losses were close to the

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

Several scanning electron microscope (SEM) micrographs are shown 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, comparing the coupling

losses between a ridge waveguide that is simply 
ared to 5� m wide. Although

the results are not as good as the simulations predicted, thedevices are quite
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consistent and there is only a small additional risk associated with incorporating

the spot size converters into a photonic integrated circuitdesign. Figures 7.6(a),

7.6(b), and 7.7 illustrate the coupling loss as a function ofmisalignment for the

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

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

Near�eld photographs are shown in Figures 7.8(a) and 7.8(b), illustrating the

di�erence between the output modes from SSCs fabricated in di�erent 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 function of
the distance between the lensed �ber and the facet, comparing the use of a spot
size converter and only a 
ared standard ridge.

a poor transition. The second picture is of an SSC from the second 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 output waveguides

was increased with the incorporation of a simple spot size converter. The increase

in tolerance to misalignment is especially important for butt-coupling the InP

waveguides to silica-on-silicon waveguides since two couplings are made simulta-

neous in the hybrid bu�er. Although the SSC did not lower the coupling losses

it also did not increase them signi�cantly. The main cause oflosses is likely ra-

diation and scattering from the tapering of the waveguide layer. The growth or

deposition of a slightly lower index material over the spot size converter tapers

101



(a) (b)

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

could reduce those losses. Buried spot size converters haveachieved 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 coupling losses, other

improvements must also be made to increase the maximum storage time and

tackle other device and system challenges. Several areas for improvement are

raised and followed by suggested solutions.

7.4.1 Storage time

The maximum storage time achieved was 8 packet lengths with �ber and 5

packet lengths with the on-chip silica delay; small numbersfor 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, thebu�er sizing studies

performed at Stanford can provide a starting point; suggesting that perhaps a

delay equivalent to 20 circulations may be su�cient [7].

An increase in storage time is needed for other network considerations in addi-

tion to tra�c needs. The presented bu�er can only handle a payload of 40 bytes

with an additional 4.86 ns for the overhead around the packets. In the case of the

LASOR router, guard bands up to 100 ns have been initially necessary due to elec-

tronic processing times. Although the bu�er would only needto store 40 bytes,

it must be able to delay the packets by multiples of the longerlength, thereby

increasing the necessary storage times. For example, if theguard band is 16 ns,

six silica recirculations could only bu�er a packet for three time slots. Clearly the

guard band needs and the bu�er constraints need to both be improved to make

the bu�ering a reality. Fortunately, the problem goes away as the control plane

becomes faster.

7.4.2 Packet length

The recirculating bu�er using only one delay line places a constraint on the

maximum packet size, which would limit network throughput. The throughput

of a network increases with a greater ratio of the payload length to the amount

of time spent on overhead such as guard bands and labels. Internet protocol

(IP) packet lengths start at 40 bytes, but can be as long as 1500 bytes. The
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bu�er should be able to handle variable length packets for 
exibility, throughput,

and to accommodate current standards. One of the biggest advantages 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 ability for the optical

router to accommodate variable length packets is highly desirable.

7.4.3 Polarization dependence

Polarization dependence arises from the material platformand inhibits the

performance of the bu�er, especially for system use. Strained quantum wells

provide gain primarily to the TE-polarized light [8]. The material platform

itself limits the device, resulting in 16 dB of polarizationdependent loss (PDL)

for a loop through the device and back. For device-level and small system-level

demonstrations, a polarization controller is all that is needed to maximize the

gain. However, in a system where multiple components are interconnected, it

is impractical to install many polarization controllers and even more impractical

that they must be tuned intermittently.

7.4.4 Practical components

The cost, power consumption, and footprint of the optical bu�er must be

further reduced in order to provide competition with its electronic counterpart

and present a viable product with which to populate a terabitper second router.

Integration and packaging are the underlying issues for allthree of these elements.
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The current packaging method is reported in Appendix B and provides a stable

prototype for early system experiments. Although the method and hardware

work, the amount of time and skill needed to align and a�x the silica chip is

cost-prohibitive. In addition, the packages are very tall and wide even though

the chips are thin and relatively narrow. Lastly, the amountof optical power lost

through coupling between the chips requires long ampli�ers. Optical loss increases

the amount of power consumed both for pumping ampli�ers and for 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 certainly does 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 that the bu�ers be used in the

feedback con�guration, it may be possible to chop packets atthe router ingress

and concatenate them at the egress, or use a variation of optical burst switching

to string together a train of 40 byte packets with only short gaps between them

[9]. However, a simpler solution is to use the same devices ina feed-forward

con�guration for longer packets, as described in Section 1.4. Feed-forward bu�ers
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are also advantageous because they can combine several di�erent 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 reduced by changing the

material platform, but is not an issue depending on the system application. In

the LASOR architecture, the bu�ers are placed after the wavelength converters.

As the wavelength converters output only TE-polarized light, only a polarization

maintaining �ber is needed to guaranteed the maximum gain from the bu�er. For

other applications, it may be desirable to eliminate the polarization dependence.

Tanaka et al. reported an SOA gate matrix with 65 dB of extinction and 12 dB of

gain [13]. Although this material platform would not allow for future monolithic

integration with the existing UCSB wavelength converters,it would eliminate the

problem of polarization dependence.

7.5.3 Reduced loss

The remaining solutions and suggested future work for the InP-based bu�er

are all centered in the loss, gain, and noise of the device. The largest losses come

from coupling to and from the chips, but propagation losses and the intrinsic

switch loss are also large. The spot size converters presented earlier in this chap-

ter were only partially successful, but could a�ord great bene�t if the radiation

losses were reduced. As mentioned previously, a buried spotsize converter can
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lessen the radiation loss. Reducing coupling losses is highly important 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 higher than achievable and

could o�er several decibels each if the processing was optimized.

7.5.4 Ampli�er improvement and ASE reduction

The material platform is one element of the ampli�er design that has not

been optimized for the optical bu�ers and could o�er a signi�cant performance

enhancement. In order to lengthen the storage time, the output saturation power

of the ampli�ers should be increased and, even more importantly, the noise �gure

should be decreased. Moritoet al. have reported broad-band SOAs with a high

chip saturation output power of over 20 dBm and a low chip noise �gure (NF)

of less than 4 dB using thin multi-quantum wells [14]. The keyto a low noise

�gure is a decreased internal loss, especially for ampli�ers with small con�nement

factors. The in
uence of a decreased noise �gure can be calculated using Equation

7.1 [15]. Halving the noise �gure serves to double the maximum storage time.

Figures and 7.9(a) and 7.9(b) show the in
uence of noise �gure on the maximum

circulations for varying loop loss (assuming the gain is designed to compensate

exactly for the loss). The �gures also show importance of reducing the loop loss.

A decrease of 5 dB of loss would result in increasing the maximum number of

circulations from 18 to 60 for a noise �gure of 6 and assuming an OSNR of 25 dB
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is required.

Psp = 2nsph� 0NA (G � 1)� � opt: (7.1)

(a)

(b)

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

The bu�ering demonstrations showed that the build-up of ampli�ed sponta-

neous emission was a major limitation to the maximum storagetime and that

a �lter in the loop was advantageous. The silica waveguides are not only useful

for providing an integrated and stable delay, but can also provide a platform for
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adding passive elements such as �lters. A �nite impulse response (FIR) �lter in

the silica waveguide loop is a good solution to eliminate ASEand 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 and itis clear that inte-

gration here would lower packaging costs, reduce optical loss and therefore power

consumption, and also reduce the footprint. Hyundai Park has worked on building

a silicon evanescent optical bu�er which integrates InP forgain and switching on

top of silicon waveguides [17]. This drastically reduces the coupling loss, but in-

creases the propagation loss by up to an order of magnitude. Another integration

solution is to implement a vertical coupler in the InP to couple into a silica waveg-

uide below. The integration could be achieved using simple glass-glass bonding

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

7.5.6 Future networks

Advanced modulation formats using phase information alongwith amplitude

modulation are promising to reduce the required optical signal-to-noise ratio and

increase the tolerance to dispersion in communications networks [18]. For those

same reasons, they would also lead to improved performance of the optical bu�er.

Phase shift keying (PSK) would be especially useful for eliminating the pattern
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e�ects seen due to ampli�er saturation. Advanced modulation formats should be

examined for next generation routers as a means to increase the baud rate without

decreasing pulse lengths further.

7.6 Conclusions

The optical random access memory element presented in this thesis is the �rst

integrated device, and although successful in simple bu�ering demonstrations, it

has much room for improvement. In this chapter, several challenges were reviewed

as well as possible solutions. Spot size converters were designed in order to reduce

the source of the most loss and to increase the maximum storage time, but the

components were limited by scattering losses. The next generation of devices

should include buried spot size converters and look to improved material platforms

and integration methods.
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Chapter 8

Conclusions

The �rst photonic chip optical bu�er was designed, fabricated, 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 line to show the increase

in maximum storage time (up to 8 circulations or 184 ns) provided by slightly less

delay loop loss. It has been demonstrated that a hybrid InP recirculating bu�er is

a practical solution that can be used in a system to a�ord contention resolution for

optical packet switched routers. Alternative bu�ering structures were studied and

found to be severely limited by bit rate, packet length, complexity, and footprint.

Although several performance metrics of the chosen approach require improve-

ment, they can be solved with small changes such as reducing coupling loss and

ampli�er noise �gure. The approach presented here is the �rst integrated optical

bu�er and therefore enables the development of a competitive optical router.
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8.1 Switch

The performance of the recirculating bu�er was entirely dependent on the

successful development of a high gain, high extinction, fast two-by-two switch.

Although Mach-Zehnder interferometric switches had insu�cient extinction ratios,

an SOA gate matrix switch architecture showed 40 dB of extinction. The InP-

based platform was a good choice for fast switching and high gain at a signal

wavelength around 1550 nm, resulting in sub-nanosecond rise and fall times and

�ber-to-�ber gain.

8.2 Integration

Integration is tremendously important on two fronts: the integration of dis-

similar materials and the integration of multiple components on the same chip.

The approach presented here succeeds because it combines the advantages 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 converters were designed

and tested to reduce the coupling losses between the two materials. Although

they showed promise, scattering from the converter transitions must be reduced

to make for a successful element.

In general, integration of multiple components is necessary for several rea-

sons including reduced power consumption, reduced loss, increased stability, and

116



increased reliability. The InP switch presented here has a degree of monolithic

integration, incorporating gain ampli�ers around the fastswitch. Unfortunately,

the silica delay and InP switch remained on separate chips for this thesis. How-

ever, with future work the two could be integrated on the samechip (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 greaterstability and enables

easier system demonstrations (Figure 8.1). The packaging is covered in Appendix

B.

Figure 8.1: Completed package assembly.
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8.3 Bu�ering

This thesis presents demonstrations of autonomous contention resolution, show-

ing that by providing the router processor with the appropriate rules, the optical

bu�er can be treated in many ways just like electrical RAM. Successful bu�ering

was achieved at 40 Gb/s with 40 byte packets, verifying that the chosen approach

was a practical solution. The InP-based recirculating bu�ers o�er simplicity and

a small footprint, which will be necessary for populating large optical routers.

The limitations of the bu�er were explored so that future work may serve

to increase the maximum storage time and maximum packet length. Several

processing runs were necessary before enough gain was provided by the InP switch.

Although there was eventually plenty of gain to make up for the propagation,

splitting, and coupling losses, maintaining a good OSNR is the ultimate challenge.

Larger losses and the necessary ampli�cation to make up for them lead to high

levels of ampli�ed spontaneous emission (ASE). It was this spontaneous emission

that was the main limitation for the maximum number of error-free circulations.

A secondary limitation is the dispersion induced by the ampli�ers and delay line.

Although it has not appeared to be an issue for 8 circulationsand 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 in this thesis is the �rst

photonic chip memory element to demonstrate bu�ering. The bu�ers were run

autonomously and provided contention resolution for 40 Gb/s, 40-byte packets

with over 98% of the packets recovered. A maximum storage time equal to 8

packet lengths was achievable with a simple �ber delay line while 5 packet lengths

of storage was demonstrated using a silica waveguide delay.This thesis proposed

and veri�ed an integrated InP-based bu�er as a promising solution for future

optical routers.
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Appendix A

Fabrication

The fabrication of the InP-based two-by-two switch was a critical part of this

thesis, but did not require a high level of process development and is therefore left

for an appendix. This appendix will cover the fabrication process and the material

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

A.1 Fabrication process steps

Several other theses [1, 2] can be referenced for more speci�c fabrication

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

1. In this step, the active and passive areas are de�ned by removing the o�set

quantum wells from everywhere except for where ampli�ers will be created.

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

110� C hot plate.

� Deposit 1000�A of silicon nitride (SiNx ).

� Cleave the wafer into quarters.
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� Perform a solvent clean and bake for 1 minute on a 110� C hot plate.

� Follow lithography steps using photoresist AZ 4110 with the

active/passive mask layer.

� Use a reactive ion etcher (RIE) with CF4/O 2 (20/1.8 sccm) to etch

the silicon nitride.

� Remove photoresist and perform a solvent clean.

� Remove the InP cap layer using H3PO4:HCl (3:1).

� Remove the quantum wells using H2SO4:H2O2:H2O (1:1:10).

� Measure the photoluminescence to verify that the wells are removed

in the passive areas.

2. The wafer quarters receive a regrowth to build the p-side of 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 BHFdip

and UV-ozone cycle before growth.

� Quarters are returned with grown p-InP, p-InGaAs contact layer, and

InP cap layer.

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

initially dry-etched and then a wet etch is used to smooth thesidewalls.
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The dry etch gets the rib to about 300 to 500 microns above the waveguide

layer. Dry-etching too close can cause damage, but the wet etch narrows

the waveguide. An extra photolithography is used to protectwaveguides

that are at a large angle to the crystal axis.

� Perform a solvent clean on bake for 1 minute on a 110� C hot plate.

� Deposit 1000 Ang of silicon nitride (SiNx ).

� Follow lithography steps using photoresist SPR 950 with theridge

mask layer.

� Use a reactive ion etcher (RIE) with CF4/O 2 (20/1.8 sccm) to etch

the silicon nitride.

� Remove photoresist and perform a solvent and O2 plasma clean.

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

4/20/10 sccm and O2.

� Perform a solvent clean on bake for 1 minute on a 110� C hot plate.

� Follow lithography steps using photoresist AZ 4330 with thebend

protect layer.

� Use H3PO4:HCl (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 the design. The

waveguide layer is etched into a taper to help drive the mode from the

standard rib to a large, lower mesa.

� Perform a solvent clean on bake for 1 minute on a 110� C hot plate.

� Follow lithography steps using photoresist AZ 4330 with theWG

taper layer.

� Use an RIE with MHA (4/20/10 sccm) followed by an O2 ash to

partially etch the WG layer, leaving only 200 nanometers.

� Remove photoresist.

5. This step performs a deep etch to create the tightly-con�ning sharp bends

and for the spot size converter mesa de�nition. The etch should go two

microns or deeper.

� Perform a solvent clean on bake for 1 minute on a 110� C hot plate.

� Follow lithography steps using negative photoresist nLOF 2020 with

the deep etch layer.

� Deposit 3500�A of SiO2 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 (4/20/10

sccm) and O2.

� Remove the SiO2 using BHF while being careful to leave some of the

SiNx .
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6. In order to deposit metal contacts on just the tops of the ridges, vias

through SiNx are etched carefully until just the ridges pop out. This

process is done using visual inspection after every few minutes of dielectric

etching. As the dielectric on top of the ridges gets thin, it gets rainbows

from thin �lm interference, letting the operator know that t he etch is close

to �nished.

� Perform a solvent clean on bake for 1 minute on a 110� C hot plate.

� Deposit 1000�A of SiNx .

� Perform a solvent clean on bake for 1 minute on a 110� C hot plate.

� Follow lithography steps using photoresist 220-7 with the via layer.

� Perform O2 PE-II resist etch back, doing often visual inspections.

� Use an RIE to etch the SiNx using CF4/O 2.

� Remove photoresist.

� Perform a solvent clean on bake for 1 minute on a 110� C hot plate.

� Use H3PO4:HCl (3:1) to etch the InP cap layer.

7. The metal contacts are isolated from each other using an etch of the

InGaAs contact layer on either side of the ridge contacts.

� Perform a solvent clean on bake for 1 minute on a 110� C hot plate.

� Follow lithography steps using photoresist AZ 4330 with theInGaAs

etch layer.
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� Use H3PO4:H2O2:H2O (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 well as large pads

for contacts.

� Perform a solvent clean on bake for 1 minute on a 110� C hot plate.

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

deep UV.

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

bake.

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

� Do a descum in with O2, followed by a NH4OH:DI (1:10) dip to

prepare for deposition.

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

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 at 380� C.

9. The wafer quarters are prepared for out-sourced hydrogenproton

implantation.
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� Perform a solvent clean on bake for 1 minute on a 110� C hot plate.

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

deep UV.

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

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 arethinned to

enable easier cleaving and do decrease the diode resistance. The n-metal is

deposited on the entire backside of the quarter before cleaving. 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 silicon

and the silicon to a chuck.

� With the chuck still heated to keep the wax melted, use vacuumto

make the pieces very 
at.

� Thin the quarter using a �gure-8 pattern on 12 micron grit paper.

� Count strokes and stop at most every 100 strokes to measure the

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 edge 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 solvent clean

to remove the wax, without a hot plate bake.

� Use a strip annealer to do a 30 second anneal in forming gas at 380� C.

� Cleave the quarter into die beginning with the direction that is

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 performance that was

ultimately contributed to material-related problems. This section will cover the

steps that were taken to �nd the source of the problems.

128



A.2.1 The problem: high diode resistance

The fabrication runs resulting in poor diodes resulted in ampli�ers that

primarily had high resistance. Although the diode behaviorvaried largely among

the devices and runs, the largest problem was that heating from the high

resistance would limit the available gain. In addition, the�rst, and worst, poor

device batch exhibited high reverse bias current and abruptchanges in resistance

during the initial current sweeps. Figure A.1 shows the comparison of a poor

diode with the previous batch good diode.

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

A.2.2 Analysis and conclusions

The analysis of the problem was comprised of secondary ion mass spectroscopy

(SIMS), scanning electron microscope (SEM) micrographs ofcross-sections,

broad area laser fabrication and testing, as well as comparison with simulations.

For any puzzling issues in fabrication results, the tests listed above should be
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considered in solving the problem. In the end it was concluded that there were

two causes of the poor diodes, one instance of silicon contamination at the

regrowth interface, and contact layer damage due to a thinner InP cap layer.

A small piece was cleaved from a fabricated sample and sent out for SIMS to

learn the concentrations of silicon, indium, phosphorous,gallium, arsenic,

aluminum, sulfur, and zinc as a function of depth. The results are shown in

Figure A.2, showing that there was silicon contamination atthe regrowth

interface. Upon inquiry to the regrowth vendor, it was learned that the vendor

had not followed speci�c instructions to perform an ultraviolet (UV) exposure

and HF oxide removal. As described in reference [3], siliconcontamination can

cause a decrease in injection e�ciency because the p-n junction is moved from

the desired location in the multi-quantum wells into the InPabove.

In order to verify that the contamination could cause the problems that had

been observed, simulations were performed using SimWindows. SimWindows is

a free semiconductor device simulation tool available fromthe Optoelectronics

Computing Systems Center at the University of Colorado, Boulder. Series

resistance and plots of the logarithm of the current as a function of voltage were

used for comparisons. The plots are useful because they showthe separate diode

characteristics (Figure A.3) [4]. The increase in resistance from the good

process run to some of the poor diodes was 10x at low current levels and 5x at

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

The SimWindows results in Figure A.4(a) show the diode behavior when the p-n

junction is located in the InP. As can be seen in Figure A.4(b)there were diodes

that matched this behavior. Although most of the diodes werenot as extreme,

these results show that the e�ect of the silicon contamination was signi�cant.

Subsequent process runs showed that the silicon contamination was not the only

problem and analysis narrowed the problem down to the decrease in InP cap

layer. Although the following generations of devices had less problems than the

�rst poor run, they still exhibited high resistance. Broad area lasers were �rst

fabricated and tested to show that the active material was not to fault. An

injection e�ciency ( � i ) of 56% and loss (� i ) of 38 cm� 1 were calculated. Details

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

SEMs were also taken to look for processing-related errors and showed that the

InGaAs contact layer was still there (Figure A.5). Optical bu�ers were not the

only devices a�ected by new, high resistances and it was �nally concluded that

the decrease in the cap layer must have allowed for some damage to the InGaAs

contact layer.
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(a) (b)

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

Figure A.5: SEM of a waveguide cross-section showing the lighter ternary and
quaternary layers. The arrow points out the InGaAs contact layer.
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Appendix B

Packaging

This appendix will describe the design of a package for an optoelectronic device

and the process of packaging. As mentioned in Chapter 7, packaging a device

typically makes for easier testing, more stability, betterthermal sinking, and a

smaller footprint. The optical bu�ers were packaged so thatseveral could be

implemented in linecards to build an optical router. A good packaging design

allows the optical bu�ers to need as little attention as electrical bu�ers.

B.1 Package component design

There are several components and materials that support theoptoelectronic

device and its operation. For the optical bu�er package the following

components were used: a carrier, a submount, lensed �bers, athermoelectric

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 carrier, used for

electrical contact, mechanical support, and for �ber attach. After the InP device

bars undergo simple initial testing, the bars are singulated and soldered to

carriers to allow for easier testing, to avoid scratching the device with electrical

probes, and for better heat extraction. The carrier is made from 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 patterned with

coplanar strip (CPS) lines to bring the electrical contactsaway from the chip.

The CPS lines are designed to match probe cards to simplify the test setup and

should be designed to match 50 Ohms. Two extra pads should be included to

provide the option of adding a surface mount thermistor. Thecarrier fabrication

is performed by an outside vendor to guarantee that the gold contacts are very

thick and of high quality for easy wirebonding. Wirebonds are used to connect

the p-metal contacts to the correct CPS pads on the carrier. The n-contact is on

the backside of the InP and the connection is made simply by soldering the

device to a large gold pad at the center of the carrier. The chip on carrier

(COC) can go directly from a probe station for thorough testing and

characterization to a package. Two types of carriers were designed to evaluate if

packaging was easier with the �ber directly attached to the carrier or to the

submount. The carriers were simply extended 5 extra mm on either side to
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provide space for epoxying a �ber. Figure B.1 shows the carrier layout with and

without the extra �ber attach length.

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

B.1.2 Submount

The submount is used for thermal stability and can be used as an alternative to

the carrier for �ber attach. The COC mounts to the submount which 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 plated with gold to

allow for soldering. The submount length and width are chosen to 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 betweengreater thermal
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stability and lower thermal resistance. The thickness chosen for the optical

bu�er packages ranged between 2.5 and 5 mm.

In the case that the �ber attach was attempted directly to thesubmount, the

di�erence in height must be calculated and machined carefully. As the �ber

thickness is 125 microns, and the InP thickness is generallythinned to 100

microns it is nearly ideal to epoxy directly to the carrier. However, it allows for

easier �ber coupling during probe testing to use a shorter carrier, and therefore

the �ber must be epoxied to the submount during packaging. The thickness of

the carrier is 635 microns and therefore the submount shouldbe designed to

have a step of approximately 0.6 cm. The height is highly important because the

�ber must be able to get low enough to couple into the chip, butif there is too

much room then the amount of needed epoxy is greater and therewill be more

shrinkage during the curing. The submount variations are shown 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 degrades the

performance signi�cantly, thereby requiring active cooling. The submount is

epoxied to the cold side of a thermoelectric cooler. A large cooler, 3x3, was

chosen primarily to provide a large platform for the submount. It also

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

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

soldered directly to the carrier in order to provide feedback. The heat sink is the

package itself, which will be described in the following section. The temperature

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

B.1.4 Package

The package itself is designed to provide mechanical support for the �ber and

fan-out boards as well as the output pins. The package is machined from Kovar

to again match the coe�cient of thermal expansion as well as to provide decent

heat conduction. The package is also gold plated in order to a�ord the ability to

solder to it as well as aesthetic appeal. If nothing else, this feature may allow

the graduate student slaving over the package to receive some small pleasure
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from looking at something shiny. The package for the opticalbu�ers was

designed to have optional side walls to allow for easier �beralignment. Holding

the �ber closer to the lensed tip a�ords more stability and control. The optical

bu�er package was machined at the physics machine shop at UCSB, but pins

were inserted and sealed at HCC Industries. HCC also performed the gold

plating of the packages and submounts. A projection drawingof 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; includingthe pin height, the wall

height, and the fan-out board shelf height. The heights are decided by

thicknesses already covered, the thickness of the InP, carrier, submount, and

TEC. The height of the shelf is designed such that the top of the fan-out board

is level with the top of the carrier and the pins are located just slightly above

that level. The fan-out board is a printed circuit board (PCB) with gold

contacts for wirebonding and soldering that simply serves to bring the electrical

connections to the sides of the package, spreading them out to match the

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

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

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 epoxies that are carefully

chosen for their purpose and position in the process. The main consideration is

to make sure that the curing or soldering temperature is lower than that of the

previous step. Solders are generally used when thermal conduction is important,

while epoxies are ideal when the temperature of the parts should not be raised

and for achieving sensitive alignment. The process 
ow is listed below.
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1. Mount the InP to the carrier using AuSn solder paste at 280� C.

2. Wirebond the InP pads to the carrier lines.

3. Use silver epoxy to mount the thermistor to the carrier. Cure for 15

minutes at 125� C.

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

160� C.

5. Solder the chip-on-carrier to the submount using Indium ribbon at 160� C.

6. Use a thin layer of thermal epoxy to simultaneously attachthe submount

to the TEC and the TEC to the package 
oor.

7. Solder the TEC leads to the fan-out board. (Fan-out board shown in

Figure /refFoboard

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

9. Wirebond the carrier to the fan-out boards and the fan-outboards to the

pins.

10. Align and attach the �bers using UV-curing, low shrink epoxy. 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 attachment was found to

be di�cult and inconsistent. A photograph of a completed package 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 di�cult to perfect the

alignment when the �ber was in the epoxy. The epoxy bends the �ber downward

and the �ber bends when attempted to translate as well. In addition, although

the epoxy is low-shrink, UV curing often moves the �ber out ofoptimal

alignment.

Several small improvements should be made to the package if asecond

generation is made in order to save space and make the processfaster. As

mentioned in the prior paragraph, all carriers for packaging can be made with

room on either side for direct �ber attachment. Secondly, the packages could be

made smaller if fan-out boards were shorter. Third, the pinsshould be slightly

lowered to allow for the fan-out boards to be soldered to the pins rather than

wirebonded. Apart from the package, a �xture should be designed to hold the

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

attachment. Lastly, the detachable package walls should bechanged to have the

�ber trenches align better with the �bers.
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