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Abstract

Wavelength Tunable Monolithic InP Receivers and
Switches for OpticalCommunication Systems

Phillip Joseph Skahan

Demand for information technology continues to grow, and with it the need for
continuous improvement in telecommunication infrastructure. Recent interest in
coherent modulation schemes wavelength conversion,and large scale photonic
integration for feasble, cost-effective scalingof existing network infrastructure has
generatedan intriguing areaidea in whichseveral technologiesare combinedat once
to create a solution more capablethan any individual approach.By leveraging these
technologies together, a scalable path capable of providing sustainable growth in the
telecommunication field may be ralized.

This dissertation exploresthis concept by the applyingprinciples of monolithic
integration to coherent receiver and optical switchtechnology with the goal of
improving the size, cost, and performance of existing communication components as
well as drive forward the state of the art in photonic integration To this end, a
monolithic coherent receiver was developedby integrating local oscillator, mixer,
and high speed detection functions together on a single chim an architecture

capable of suporting polarization multiplexing and phase shift keying modulation
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supporting higher capacity modulation formats through the use of more advanced
feedback electronics andligital signal processing.

In addition, a monolithic alloptical switch was developed by integrating both
wavelength conversion and wavelength filtering functions onto a single chiplhe
architecture is capable of high speed switching of optical signalsitiout costly
optical-electrical conversion by utilizing an array of opticaloptical modulators with
scalable channel capacity and a static arrayedaveguide grating router. By
integrating these functions on the same chip, costly packaging issues may beided,
greatly reducing developmentand production costs.

By movingan increased number of components ontsingle diewhile maintaining
similar performance to discrete solutions the coherent receiver and all-optical
switch devices presented in this work dvance the state of the art by improving the
cost and manufacturability of optical communicationdevices Even more, lhese
technologiesrepresent a path toward manageablgrowth of optical communication
systems for long haul, datacenter, and short reach letions by demonstrating
scalable architectures for each application Developmentof such technology is not
only vital but essentialfor the continued growth of the telecommunications industry

The novel application of photonic integration, coherent moduléion, and optical
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switching technologiesare a viable solution to maintainingsustainablegrowth in the

telecommunications field
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Figure 1.1. Systemdiagrams of (a) a coherent transmission link and (b) an all-
optical switch node.

1.2 Coherent Receivers

Optical transmission systems based on coherent communication schemes
have recently become of great interest due to their inherent advantages over
direct detection. These systems are theoretically capable of providing excellent
receiver characteristics including best theoretical sensitivity, high spectral
efficiency, and longest transmission distances making them suitable for both free
space and fiber applications 2].

Initial research into coherent shiemes fromthe 1980s through the 1990s

focused on increasingink distance by maximizing the receiver sensitivity and



typically operated with an optical phaselock loop and local oscillator P]. This
focus fell to the wayside as wavelength division multiplexing (WDM) systems
using erbium doped fiber amplifiers (EDFA) and receiver preamplifiers made
other methods for increasing link distance and sensitivity largely irrelevant?].
Renewed interest in coherent receivers was sparked by research into self
heterodyned differential phaseshift keying (DPSK) using a delainterferometer
to allow a signal to reference itselfd recover the phase information, eliminating
the need for a local oscillator. These systems are particularly useful for situations
where pre-amplifiers are impractical, such as deep space communicatisror for
wavelengths at which viable amplifiers do not existZ]. Recovery of the phase
component of the incoming wave also enables full recovery of the electric field
information, which can bedigitally manipulated to improve tolerance tooptical
nonlinearities induced in a fiber [2]. Finally, phase shift keying includes an
inherent filtering function in the down mixing process providing superior channel
selectivity to typical WDM filters and allow for dynamic network allocation
through the use of a tunabd local oscillator R]. These advantages make phase
shift keying asuitable candidate for improved network infrastructure utilization.
Sincemost of these improvementsare realized posttransmission, receiver
technology has received the largestevelopmentfocusin coherent systems. his

has been enabledas digital signal processing (DSP) electronichave become



mature enough forreal-time compensation of fiber norinearities. DSP technology
has long been utilized in wireless and DSL systems where orthogdrfeequency
division multiplexing (OFDM) and multiple-input and multiple-output (MIMO)
encoding schemes have greatly improved the spectral efficiency to make use of
their limited bandwidth [3], and gtical transmission systems area logical next

step for its application.

1.2.1 Receiver Requirements

There are severadesign aspects which are important for a coherent receiver
these are detailed in Table 1.1 alongside performance goals andassociated
components First, the linewidth of the local oscillator should be minimized to
reduce phase noisdhat causes signal degradation. Its wavelength must also be
stable to enable maximumspectral efficiencythrough narrowband filtering and
with minimal guard bands to avoid channel crosgalk. To maximize receiver
sensitivity, the loss in thepassive functionsof the device such as theolarization
splitters and signal mixers must be minimized,and the photodetectorsshould be
designed for maximum responsivity. For flexible allocation of available fiber
spectrum, both the local oscillator and photodiodeshould have awide operating
wavelength window that can be quickly reallocatech AT A OEA DPEI Ol AE
response time should be minimizedfor compatibility with high signal clock

speeds Additional design goals include pdalrization diversity, allowing any



polarization state to be recovered by the receiver, greatly reducingsystem
complexity and fiber cost, as well as low power consumption, minimal size, and
low cost for commercial adaptation, all of whichare enabled by monolithic
integration.

Table 1.1. Attributes of a monolithically integrated coherent receiver with

performance goak and contributing componentsfor a 100 Gbps100GBASEZR
compatible receiver [4].

Linewidth <10 MHz[5] Local Oscillator
Wavelength +£0.1 nm Local Oscillator
Wavelength Range > 40 nm Local Oscillator
Sensitivity -20 dBm [4] Photodiodes,Hybrids,
Amplifiers, Local Gcillator
Bandwidth > 25 GHz Photodiodes
Power Dissipati on <1W Amplifiers, Local Oscillator
Physical Size <5 mn?¥ Hybrids, Local Oscillator

1.2.2 State of the Art

Until recently, coherent receivers consisted of bulk optic solutions with
separate laser local oscillator, polarization beam splitter, Y0optical hybrids, and
photodiodes. Recently, however, several examples of monolithically integrated
coherent receivers have been developed particularly on the InP substratthese

are compared inTable 1.2. Receiver desigrhasfocused in particular on achieving



100 Gbps operation on a single chip which is the general limit abntemporary
DSP electronics. The PICs ypically include on or off-chip polarization
demultiplexing, 90° optical hybrids, and balanced photodiodes but tend to utilize
an off-chip local osclilator due to the difficulty of designing an epitaxial structure
featuring layers with both a high absorption coefficient for optimized photodiodes
as well as high gain for lasers@-12]. Several examples exist with osthip local
oscillators, including onewith a 10 channel array of distrbuted feedback (DFB)
lasers for operation in a WDM system 13], a single channel receiver utilizing a
sampledgrating distributed Bragg reflector (SGDBR) laser and a second
regrowth to allow for both high gain and high alsorption material on a single die
[14], and two more receivers with single or dual-channels featuring an integrated
SGDBR laser and photodiodes using the same layer for gain and absorption which
suffered from relatively poor RF performance in their photaliodes [15, 16]. In this
thesis, we improved upon the design in [@] and were able to demonstrate the
first dual-channel coherent receiver with & integrated widely tunable local
oscillator and photodiodes capable of operating graar than 25 GHz fabricate
using a singleepitaxial structure andrequiring no second regrowth. Furthermore,
the integrated receiver described here demonstrates one of the largest examples
of data capacity overa single wavelength for amonolithic device with 100 Gbps

total theoretical single wavelengthcapacityas well asawavelengthrange ofover



40 nm.Further improvements to the localoscillator and photodiode design could
scale thisreceiver designto quadrature amplitude modulation (QAM)operation
at greater than 40 Gbaud #&wing for single-wavelength data throughput beyond
320 Gbps on a DAR6QAM format.

Table 1.2. Prior art for monolithically integrated DP-QPSKreceivers on InP and
relevant performance metrics.

Polarization No Off-chip | Onchip | Off-chip | Off-chip
Multip lexing
Integrated Local 30 nm No No [StaticDFE No
Oscillator tunable array
(Linewidth) (25 MHz) (157 kHz)
Format QPSK DP-QPSK |DP-QPSK DP-QPSK DP-QPSK
fads 10 GHz 26 GHz N/A 26 GHz | 50 GHz
Bitrate/Channel 20 Gbps | 56 Gbps | 43 Gbps| 50 Gbps| 50 Gbps
(per
polarization)
Bitrate (# of 20 Gbps | 112 Gbps |172 Gbpg500 Gbps| 100 Gbps
channels) (1) (2) (4) (20) (2)

1.3 All-Optical Switches

All-optical switches have long beerof interest for optical computing as the
energy required to route a photon is theoretically muchless than hat of an

electron. In practice, computers based on optical switches would bienpractical



due tothe large interaction lengthof photons, butthey have found amore suitable
use in communication systems where network bandwidth exceeds that of
available electronics [L7]. Rather than perform costly electrical to optical (OE)
conversion, switches utilizing altoptical architectures can transparently reroute
data asrequired, reducing system complexity.

Research into aloptical switches has primarily focused on increasing
switching speed andreducing power consumption as there areseveral different
applications that become possibledepending on switch rate. At millisecond
response times optical switchesare suitable for network protection applications,
while at nanosecond response times, atptical packet switching using header
rewrite becomes possibleln the picosecond range, switchesan perform bit-by-
bit datarewrites for optical time division multiplexing (OTDM) applications[18].
In addition, all-optical switches require low crosstalk and insertion loss,
polarization insensitivity, bit rate and protocol transparency, and a wide
operating bandwidth [18]. For network applications, it is also beneficial for
switches to have a small physical footprint, large scalability, and neblocking
capability [18].

Several optical switch technologies have been explored in recent years,
including those based ormmicroelectromechanical system MEMS) mirror arrays,

thermo-optic and electro-optic waveguide switches and acousteoptic waveguide

10



interferometers [17]. Perhgs the most promising approaches are those based on
nonlinear optical processesincluding four-wave mixing, cros-gain modulation,
cross-phase modulation, and crossabsorption modulation. These nonlinearities
occur in either fiber or semiconductor waveguides ahigh photon densities and
allow for ultrafast switching speeds, and theelative stability and short respmse
time of semiconductorbased nonlinear optical switchedn particular have made
them a prime area of researchMost of this researchhas focused on the use of
semiconductor optical amplifiers (SOAs) to generate photon densities reqed
for nonlinear operations as SOA conveers meet not only the requirements listed
above butare also scalable and norblocking, making them a suitable candidate

for all-optical networking.

1.3.1 All-Optical Switch Requirements

There are several important aspects of an atptical switch for a packet
switching application; These are laid out in &ble 1.3following that discussed by
Ma et al. As previously discussed, switching speed largely dictates potential
applications for optical switches and is the mostvital metric for switch
performance. Minimal channel crosstalk on the order of 4®0 dB is desirable as
well as low insertion loss to enable cascading ohultiple switches. It is useful for
switches to have low polarizationdependent lossto improve reliability and

minimiz e monitoring overhead.
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Table 1.3. Attributes for an SOAbased monolithically integrated alloptical
switch along with performance goals and contributing component§l8].

Switching Speed <1lns SQA, Local Oscillator
Channel Crosstalk <-20dB Arrayed Waveguide Grating
Router (AWGR)
Insertion Loss <5dB AWGR, SOA, Waveguides
Wavelength Range > 40 nm SOA, Local Oscillator
Bitrate/Protocol > 40 Gbpson- SOA MZ|
Transparent off keying
Nonblocking Yes SOA, MZI
Power Dissipation <2W SOA, Local Oscillator
Physical Size < 50 mm2 AWGR, MZI, Local Oscillator

Beyond operating metrics, several more practical design goals for an all
optical switch include wide temperature stability, minimal power dissipation, and

low production/ operating coss[18].

1.3.2 State of the Art

Despite many technological offering for all-optical switches in research, few
have been developed into commercial offerings or even fully integrated switches
devices A table of eisting technologies, performance, and progress towards
commercialization is presented in Table 1.4. Thesénclude electro-optic and

thermo-optic waveguide directional coupler-based switches that modulate

12



waveguide index to control output port; liquid crystal switchesthat use liquid
crystal modulators to switch the polarization of incoming signas and direct it
through a downstream polarization beam splitter; static on/off SOA arrgs; and
bubble switchesthat use liquid to deflect light to adesired output [19]. By far the
most commonly used switches today areeconfigurable adddrop multiplexers
(ROADMS) consisting of tunable MEMs mirror arrays spatiallgirecting incoming
light; the speedof suchdevices is limited by the switchirg speed of the mirrors

andtypically on the order of milliseconds.

Table 1.4. Prior art of all-optical switch demonstrations and relevant
performance metrics.

PLC Thermo-Optic 4.9ms 8x8 50.4dB 74dB
[20]
Liquid Crystal 35.3>s 2X2 <-34.13dB <2dB
[21]
SOA Array 200 ps 1x8 <-12dB 0dB
[22]
Bubble 7.7ms 32x32 <-50dB 3.9dB
[23]
MEMSs Mirror Array 7ms 8x8 <-50dB <1.7dB
[24]
SOA Wavelength <100 ps 8x8 <-15dB |Not reported
Conversion
[25]

13



Recently, substantial research and developmerttas been focused applying
wavelength conversion to produce an altoptical switch, culminating in the
demonstration of an 8x8 monolithically tunable optical router (MOTOR) capable
of routing 40 Gbps datahrough an onchip 8x8 arrayed waveguide grating router
(AWGR) [25. The work presented in this thesisbuilds upon this design by
doubling the amount of input and output ports resulting in a 16x16 MOTOR chip
monolithically integrating 545 optical componentsperforming 81 discrete optical
functions on a single die, making it one of the largest examples of photonic

integration to date.

1.4 Photonic Integration

The work in this thesis explores the application of photonic integration to
coherent receivers andall-optical switches for more advanced functionality and
network scalability. Density scalingof photonic integrated circuits over the past
Oxi AAAAAARAO EAO AiT OAT U OAOGAI Al AA A
complexity [26]. However, wlike in the microelectronics industry, photonics
technology has remained fragmented anthcked atrue driver application capable
of unifying architectures under a common development platform This has
resulted in a fieldmore closely resembling that of the analog electrons industry

than that of digital electronics Several solutions toprovide a unified photonic

architecture have been proposed in recent years. Smét al. detailed a foundry

14
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model for integrated photonic circuits on InP using a set of standardized
componerts and commercial foundry system tosupport it [26]. Heck et al.
summarized results of hybrid IIl-V/silicon devices rapidly approaching device
densities of existing monesubstrate platforms demonstrating the viability of
leveraging mature CMOS process teohlogy together with bonded IV material
[27]. Sunet al.recently demonstrated a largescale integrated optical phase array
highlighting the immediate scalability of pure silicon photonic devices using
existing CMOS infrastructure[28]. All of these appoachesare viable and have
significant overlap, and over time more advancethtegrated photonic solutions
will likely come from a combination of all three.

Table 1.5. Several available photonic integration platforms andavailable
components.

Indium > 273([25] Polarization splitter, converter; SOA, MZI
Phosphide switch, laser, arrayed waveguide grating
[26] (AWG), phase modulator
Silicon > 12,288[28] Polarization splitter, converter; MZI
[28] switch, arrayed waveguide grating

(AWG), phase modulator

Hybrid >410 [29] Polarization splitter, converter; SOA, MZI
InP/Silicon switch, laser, arrayed waveguide grating
[27] (AWG), phase modulator

15



The work in this thesis is based on integration technolog most closely
following that outlined by Smit et al. [26]. Here a monolithic InP substrate is used
to form complex photonic integrated circuits from a set of standardized building
blocks. As the photonic integrated circuits (PICs) presented here represenovel
applications of these componentsenabling new functionality, their operation
must becloselyinvestigated to acount for unexpected interactions For example,
while discrete InGaAs photodiodes have extremely low dardurrents on the order
of 10 nA integration on the same waveguide as other active devices such as SOAs
and electro-optic phase shifters introduces electrical crosgalk from imperfect
electrical isolation and results in a dark currenthree orders of magnitudehigher.
These and other e#cts must be studied and understood to overcome inevitable

roadblocks to a viable photonic integration platform.

1.5 Dissertation Preview

Several examples of coherent receivers have been demonstrated to date, but
few to none have been capable of integratopa local oscillator and receiving 100
Gbps data on a singlevavelength. This thesis preserd results on amonolithic
tunable coherent receiverimplemented with a widely tunable local oscillator
capable of operatingover the entire Gband for flexible bandwidth allocation and
tunable selective filtering. This PIC integrates all of theomponents necessary for

100 Gbps DRQPSK data reeption on a single dig including local oscillator, mixer,

16



and detector functions. A DSP is used in conjunction with the catemt receiver to
recover data rates up to 100 Gbps, which also enables digital compensation of
fiber nonlinearities. System testingwith 50 Gbps QPSK data reception per
polarization showed that operationdown to an error floor of 108 was possible,
limited by local oscillatornoise.

In addition to receiver work, the design, fabrication and testing of an
integrated 16x16 all-optical switch is covered The switch design consists ofan
array of wavelength converters in series with an AWG router to perform
wavelength-based switching and routing in a larger next generation version of
what has previously been reported in [25]. Each of 16 wavelength converters
perform 5 optical functionsfor a total of 81 optical functions includng the on-chip
AWGR filter. The chp consists 0f545 optical components making itone of the
largest examples oimonolithic photonic integration on the InP platform to date.
The switch utilized an electrooptically tuned SGDBR laser with a40 nm
operating window with switching speeds in the nanosecond rangefor use in
packet switching applications, and the laser bandwidth extended across the
optical Gband (1525-1565 nm) for suitability in WDM applications. In addition,
the wavelength conversion process resultedh signal regeneration beneitcial for

cascading switch networks.
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The dissertation begirs in Chapter 2 byreviewing the theory behind the
operation of thecoherent receiver and aloptical switch and the briefly describing
the systems in which theywill be used.

Chapter 3and 4 defire the requirements for each and discussuilding block
components requiredincluding improvements to the photodiode circuitto enable
greater than 30 GHz operation, design work towards amntegrated on-chip
polarization demultiplexer, and design considerabns for the lasers, wavelength
converters, and AWGR Chapter 5presents the integration platform used for
monolithic integration and gives an overview of devicdabrication as well as
various process improvements In Chapters 6 and 8 the results of compoent
characterization on the two PICs aregiven and discussed. System testing is
presented and discussed inChapters 7 and 9 and Chapter 10 concludes the

dissertation with a summary and discussia of future research directions.
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Chapter 2

Theory of Coherent Receivers and
All-Optical Switches

2.1 Optical Transmission Link

Before jumping into the design and fabrication of thecoherent receiver and
all-optical switch, it is useful to review theory of two reference systems
representing their main operating aspects. For the receiver, atypical optical
communication link is presented in kgure 2.1 consisting of a transmitter, fiber
optic cable, and receiver In an intensity modulated/direct detection (IM/DD)
scheme an optical light source isdirectly modulated to generate a signal by
shifting the amplitude of thecarrier wave, known asamplitude-shift keying (ASK).
The signal is then coupled to diber optic cableand transmitted to an endpoint
receiver. The cables have very low propagation loss on tleder of 0.2 dB/km
allowing the signal to propagate extremely long distances befoneeeding to be
regenerated At the end of the link, a receivedirectly converts theincoming signd
from optical power into current, generating a voltage across a load resistaxhich

is then fed toa decision circuit to recover the data.
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In ultra-long range transmission systems with link lengths greater than 80 km
erbium-doped fiber amplifiers (EDFAs)are added to re-amplify the signal and
increase reach. These amplifiers are broadband in nature and capable of
amplifying all optical signalssimultaneouslywithin the optical G and L-bandfrom
1530-1565 nm and 15651625 nm, respectively Traditionally, eachcarrier wave
in a WDM systen represented its own static channel with an indeperdent
transmitter and receiver; in more recent superchannel applicationshowever, the
optical spectrum can bedynamically re-allocated based on demand. Adhannels
are then multiplexed onto a singlefiber, maximizingavailable spectrumcarried in
a singlefiber. The narrowband filtering functionality and tunability of coherent
receivers is particularly useful for reducing system complexityn superchannel
applications by reducing filtering components down to a local oscillator

| Transmitter 1 —@‘ N\ { Receiver 1

R

Transmitter 2 S Sl \ Receiver 2

Demux

Transmitter N N,

—@J Receiver N

Figure 2.1. Block diagramof asimple WDMtransmission link. The system may be
further reduced by replacing the output demultiplexer with a tunable coherent
receiver array.
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2.2 Coherent Digital Modulation

As direct modulation bandwidth begins to push the limits of existing drive
electronics, additional degrees of modulation freedom are useful to extend
network bandwidth as well as improve spectral bandwidth and enhance tolerance
to dispersion and other transmission distortion through the DSP electronics used.
Several modulation formats utilizing both the amplitude and phase of a carrier
wave are presentedin Figure 2.2, including amplitude-shift keying, phaseshift
keying, frequencyshift keying, and quadrature amplitude modulationIn Figures
2.2 (b), (c), and (d), only one dimensin of the carrier wave is modulated, while in

(e) both the amplitude and phase are modulatedfor maximum efficiency

improvement.
1 0 1 0 1 0 1 0
A A A y
| o o '
(a) (b) (<)
1 0 1 0 1,0 1,1 0,1 0,0
A(t}T htA[t)T 3
| o '
(d) ()

Figure 2.2. A sinusoidal carrier wave with various modulation formats: (a) no
encoding (b) amplitude-shift keying (c) phaseshift keying (d) frequency-shift
keying and (e) quadrature amplitude modulation.
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In the amplitude-shift keyed format, only the magnitude of the wave is
modulated and there is no change to the phase or frequency of the wav€&he
phaseshifted signalfeaturesa constantamplitude but periodically shifted phase
to encode bits of data For the phaseshifted signal in Figure2.2 (c),a full A phase
shift is used to denote the difference between a one and zerbut other phase
shifts may be employed Figure 2.2 (d) shows an example of drequency-shift
encoded signal where a higheand lower frequencies representzeros and ones,
respectively. Finally, Hgure 2.2 (e) presents a quadrature amplitude modulate
(QAM) signal where the modulation schemes of Figure 2.2 (b) and (@re

combined to enabletwo degrees ofencodng freedom.
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Figure 2.3. Constellation diagrams of several digital modulationformats,
including (a) amplitude-shift keying, (b) binary phaseshift keying using an phase
shift, (c) quadrature phaseshift keying, (d) 16QAM, and (e) 64QAM.

Figure 2.3 presents constellation diagrams of several modulation formats
utilizing both the amplitude and phase of a carrier wavéor the QAM format Here
the magnitude of the points represents the amplitude and their anglerepresents
the phase Figure 2.3 (a) shows anASKsignal where only the magnitude varies
and thereis no change to the phase. Ini§ure 2.3 (b), an phase shiftis used to

create a binary phaseshift keyed (BPSK)signal. Because there is greater
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separation between the BPSK pointdhan the ASK formaf this modulation format
is more resilient to signal degradation
Figure 2.3 (c) presents a quadrature phaseshift keyed (QPSK) encoding
scheme Similar to the BPSK sigal,the carrierwaveisD EA OA OE,BuBGA A AU a
an additional signal represented bytwo points atan ¥ ¢ Doifsét@rdm the first
two points, placing it on the quadrature plane. Since two signals have now been
encoded onto the same carrier wave, the sptal efficiency has doubled, and
there are now two bits encoded for each symbol generate®y employing even
more points, the spectral efficiency carcontinue to be scaled in this manner
limited only by the overlap of adjacent points due taoise. In Figures 2.3 (d) and
(e), Gray coding is employed tequally spae out adjacent points and improve
resilience to noise These constellations representl6QAM and 64QAM,
respectively.
In addition to the phase and amplitude of a carrier wave, an additional degree
of modulationfreeAT I A@PGEOOO EI OEA xAOAGO DPi 1 AOEUAOE
of a fiber optic cable,two orthogonal polarization modes exist which may be
independently modulatedallowing for twice the data on a single wavelength and
again doublingthe spectral efficency.One drawback of dual polarization formats

is increased system complexity as each polarization requires its own set of
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modulators and receivers but monolithic photonic integration makes such

systems more feasible to realize.

2.3 Coherent Optical Communication Link

Comingback to the transmission system described irgection 2.1, a typical
implementation of a coherent comnunication link is presented in kgure 2.4. Here
the system iscapable of supporting dual-polarization quadrature phaseshift
keyed (DP-QPSK)formats. In the transmitter, the CWlaser source is split into an
X and Y arm representing the two independent polarizations. Each arm splits the
signal in two again into | and Q components, and data is phase modulated onto
each component of the AOOEAO xAOA8 ' AT¢ PEAOA OEEA&EOD
and | and Q components are recombined. The polarization of the X component is
rotated 90° to be orthogonal to the Y component, and the X and Y polarizations
are then combined, creating the full DFQPSK signal.

Electronics Optics 1
( Y1 Modulator

{ Polarization

- Rotator

:| YQ Modulator (| n/2 | Optics Electronics
90" Ot
« Hybrid 0sP
+ XI Modulator

- m»

. 90" Opt. |

Hybrid
XQ Modulator | n/2 | Laser LO

v
o

‘
>

AP
Electrica Optical

Figure 2.1. Block diagram of a DRYQPSK transmission link including transmitter,
receiver, and required electronics.

In the receiver, the two polarizations are first split apart using a polarization

beam splitter, which directs the light of the two polarizations on two different
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paths based on thai interaction with the crystal plane. The signal is then mixed
with a local oscillator tuned close to the wavelength of the incoming carrierto
produce an intermediate beatfrequency between the two laserghat carries the
phase data at a frequency low enough to be measured by electronics.

In the receiver, he electric fields of the signal and local oscillator may be

describedas

0 0 0'Q

0 0 00Q
where Rigna and Ro AOA OEA A OA OA C Asignd A ¥ Adkel theD T x AOh
AOANOAT AU x ER OMdi dnd nico are the absolute phase of the sig
and local oscillator waves, respectivelyThe two fields are mixed in a 90° optical

hybrid, which producesthe output fields

o 2o (o)
C

o 2o 0
C

o 2o Q0
C

(o) g (o) Q0

The fields arethen converted to electical current in a photodetector given by

~

Q T0
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where the conversion is determined by the responsivityT of the photodiode

which can be expresed as
-3 _‘a

N p& T

where — is the internal quantum efficiency of the photodiodeg is the electron
chargehisO 1 AT AE& O Alisithéfteduierdyhof tihelindident wavé30]. The

second expression in this equation uses the relaship
@

to express the responsivity in a form conveniently relating conversion efficiency

to the wavelength of the incident light.
By connecting theends of thephotodiodes detecting the | and Q components

in series, the sumof their photocurrents will cancel outcommon mode noise

generated bythe local osdlator as well as double the signal amplitudeFor a

balanced photodiode configuration the received photocurrents are
M Q Q T0 0 AT O T 0 %o %o
0 OE:l\ ] 0 %o %o

[3].
After conversion of thein-phase and quadrature component$érom an optical

to electrical signal, the photocurrent may be amplified and converted to voltage
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through a trans-impedance amplifier, thensampled toconvert from an analogto
digital format for compatibility with DSPsoftware/hardware . In the work of this
thesis, the analogto-digital conversion (ADQ was performed using a Keysight
Infinilum 90000 -X digital storage oscilloscop€DSO). The oscilloscope isapable
of digital sampling at rates up to 40 GSA/and hasa 33 GHz analog bandwidth
and 2.1 mV noise floor{31], which wasmore than sufficient to meet the 25 Gbaud

design goal for the coherent receiver

2.4 Digital Signal Processing and Kalman Filter
Carrier Phase Recovely

Digital signal processing was implemented using Keysight 89601B vector
signal analysis (VSA) sitware. Together with the DSOand heterodyne receiver
this system functions as an optical modulation analyzer (OMA) capable of
analyzing optical links carrying advancecigh speeddigital modulation formats
as well ascharacterizingand compensatingdeleterious effects such as chromatic

dispersion and polarization mode dispersion(PMD).
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Figure 2.5. Block diagram of theVSA softwarebased DSPimplemented in the
OMA [32.

A block diagram detailing the implementation of the digital signal processon
the OMAIs presented in kgure 2.5 [32]. After sampling in the ADC, the signal is
pre-distorted to account for imperfections in the receiver optics and ADC
electronics. Next the signal may be modified by usetefined algorithms to further
compensate for link imperfectons such as carrier phase noise amgispersion. In
the receiver implementation presentedin this dissertation, a Kalman filterbased
carrier phase recovery algorithmprovided in the DSPsoftware [33] was usedto
compensate for the phase noise of the receierd IOcal oscillator. Such software
based approaches to phase tracking haveecently become attractive as faster
electronics (DSPs in particular)have enabled higher sampling rates for reaime
compensation of higher bitrates.

A Kalman filter was required for phase recovery in the optical receivedue to
a relatively large amount of phase noise in the local oscillator. In the process of

down-converting the carrier wave to a recoverable frequency, the phase of the
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signal becomes obscured by phase noiserggrated due to the flicker noise of both
the carrier and local oscillator. Using a phaselock control loop, the phase
difference between the carrier wave and LCQran be trackedthrough either a
hardware optical phaselock loop that uses an error signal from the receiver
photodiode to lock the local oscillator to the carrier or a software-based feed
forward loop that filters out the flicker noise.

The DSP implementation of a feefbrward control loop uses the received
signal to produce a phase noise estimate . This estimate is subtracted from
the baseband signal to produce the desired phase. The phase noise estimate is
generated using

T’Q L7 S H

@)
N

where Qs the phasecomponert extracted from the signal at samplek, M

represents the number of constellation points, and Hs chosen such that

a Q¢ - - G
m Q0 p QP « 0

O
— R

which assumes the smallest change in to overcome theM-fold uncertainty

of the measurement [2]. The phase noise component is extracted from the signal
by raising it to the M-th power to remove the phase infornation and then low pass
filtering to remove high frequency noise. With the phase noise removgethe

underlying phase information may be recovered. Since the resulting
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measurement contains both the amplitude and phase of the carrier wave,
additional deleterious effects may be compensated in the DSRroviding
additional benefit over an envelope detectothat can only measure amplitude.

The alternative to the Kalman filter approach is a hardware implementation
of an optical phaselock loop. Herethe phase difference between the two lasers is
kept constantby using an electronic control loop to actively adjust the frequency
of the local oscillator to match the carrier wave, overcoming any individual drift
between the two lasers. Historically his approach was nocommonly utilized due
to the large loop bandwidth and short loop delay required forthe oontrol
electronics, but it has recently been demonstratedin [34] using an integrated
electronic IC and loop filter witha tunable local oscillator

After phase tracking has been employedhe signal may be broken up into a
variety of formats such as its frequency components using a fast Fourier
transform (FFT) or its modulation format using a demodulator [33. The VSA
software performs carrier recovery using an FFT to measure and track the
absolute phase of lhe incoming signal which it thenuses for clock recovery,
resampling, equalization, and decoding of the original signal. From here the signal
may be analyzed in the form of a constlation diagram or error detection when

using a pseuderandom bit sequence (PRBS); this information may then hesed
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to optimize the link compensation algorithms and improve the quality of the

signal.

2.5 Receiver Sensitivity, Loss Budget, and Noise
Figure

An important aspect of a receiver is its sensitivity, the minimum amount of
power required to recover an input signal. In the casef a simple photodetector,
the ideal sensitivity is defined by

YQE i QO RPHAKZL T28 Ao YO'Y

where Q represents the thermal noise of the photodetector circuitypically
consisting of the photodiode in A OEAO x EOE A"Y'M therdesirdd A A
signalto-noise ratio of the recovered signalFor this ideal circuit, the thermal

noise may bedefined as

TQYH
Y

0

where ‘Qis the Boltzmann constantYis the ambient tenperature of the circuit, 6

is the bandwidth of the detector, andY s the load resistancelf the photodetector
dark noise is large enough, the detector becomes limited by shot noise, and the
Q term is replaced with Q where

given thatr) is the charge of an electron andO s the dark current.
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For a heterodyne receiver, the sensitivity becomes more complex due to
additional splitting loss in the 90° optical hybrid as well as nofidealities such as
coupling waveguide loss and shot noise from the local oscillator. These ron
idealities may be summed into a resulting noise figure (NF) representing the
additional power required over the theoretical thermal noise floor to recover the

incoming optical signal.Now the sensitivity may be defined as

TG O A0 ek e
YQ¢ i "QOBHAQpu | W 0 "0Q0 "YU 'YQO
T2s AQ&—('O—
where T2 8 A@accounts for additional losses from couplinghybrid splitting, and

waveguide loss in the expression

T — — | | |
where T pp(<) is the responsivity of the photodiode at wavelength< and jwg
] coupling, @nd J hybrid are dimensionlessloss factors expressing excess lossn the
receiverd Qvaveguides, fiber coupling and hybrid, respectively Thus the

sensitivity of the receiver is strongly dependent on the wavelengtldependert net

responsivity, described as

|
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The sensitivity required for agiven SNR may be found by measuring the noise
equivalent power (NEP) of the receiver defind asthe input power at which the
signal and noise are equal. The sensitivity may then be defined as

YQE DD & (00 Q64 YO 6
With the sensitivity calculated, the resulting noise figure may also be found by the
relationship
0'Q. Q6 YQ& i QEAWQP w | % 'YQO

T2s A@a—(s

which defines the additional noise due to receiver noidealities.

2.6 High Speed RF Photodetector Circuits Using
Inductance Peaking

For high-speed communication systems, the photodiode must kaesigned to
effectively convert as much incomingoptical power to electrical current as
possible while simultaneously havinga large bandwidth to support high speed
signals. One way b maximize the RF response of given semiconductor
photodiode is by usinginductance peakingas demonstrated in[36] to improve
response time by optimizing the detector circuit with an additionalinductive load
to create a peak in the response of the resulting RLC circditat pushes out the

bandwidth.
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Figure 2.6. Equivalent circuitsof the photodiode. These include (a) theircuit of
an ideal photodiode connected to a resistive loadand (b) norridealistic
photodiode circuit including the parasitic pad capacitance and wire bond
inductance from connecting to the load36].

The bandwidth of the detector is determined by the R€Constant of the diode
circuit, the transit time through the depletion region, and any carrier trapping at
the heterojunction interfaces that can cause additional capacitance in the circuit.
The equivalent circuit of an ideal photodiode in parallel with a esistive load is
shown in Fgure 2.6 (a). Here the photodiode is represented as an idé current
source with current isignal(t) in parallel with diode capacitance of the depletion
region Giiode aS Well as anycapacitance generated from cargr trapping. Aseries
resistor Rseriesrepresents resistance in the semiconductomaterial. To analyze the
photodiode itself, this circuit assumes ideal wires with no inductance or
capacitance added to the circuit. In this case, the cutoff frequency of the circuit is

P

Q c“0 Y Y

Forao m@o 8 @uea waveguide) T ' Al 00 DPEI O AAOAAOT O xEOE

depletion region, the approximate diode capacitance 40 femtoFarad (fF).

35
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frequency of the circuit is 199 GHz. Howevegne must also take into account the

transit time response of the photodiode resulting in the relationship

"0 "0
a0

"0
From [37] the transit-time-limited bandwidth for a photodetector with a thin
absorber such thay, ,<<1is
Q mp'p Y

xEAOA | EO OEA AAiSthe@ardeiveldcity fahdRBAHE BrésAel O h
reflectivity of the detector. Thus for ananti-reflective coatedInGaAsP quamim
well absorber using an approximatectarrier velocity of” =1.7 x 16 m/s [38] and
AAOT OPOEIT T Al A AABY bhdthedreticaFipsittimer baddividth
is 76.5 GHz andhe theoretical cutoff frequency of the photodiode circuit is 55.26
GHz

In reality, the photodiode is connected to an electrical pad with a finite

capacitance as well as a wire bond with an inductance of 0.7 nH/mnthese

elements are included in kure 2.6 (b). In this case, the transfer function of the

circuit is
Q7 p Qv 0
- Y
Q7 z Q 0 1 U O

P B Y o
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and the resulting frequency response is plotted in igure 2.7 using the same
photodiode parameters of the previous example with the addition of a 10 fF pad

capacitance and 150 pH wire inductance. With the additional elements, the

GHz including he photodiode transit time. Aresonance occurs dueo interaction

between the inductor and capacitor with a peak at roughly 80 GHz.

Power (dBm)

-4

-6 J
0 50 100 150 200

Frequency (GHz)

Figure 2.7. Frequency response of the photodiode circuit including the pad
capacitance and wire bond pitted using MATLAB. Bnulation code may be found
in Appendix B.

To compensate for theparasitic elements of the circuit, inductance peaking

may be employed to optimize the wire inductance to match the capacitor
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elements Figure 2.8shows the response of th same circuit with wire inductances

varying from 500 pH down to 50 pH.

(dB)

20 pH
10 pit

Power

SpH

4 30 pH
10 pH

S0 pll
S00 pH 400 pH 300 pH 200 pH 100 pH

0 50 100 150 200 250 300
Frequency (GHz)

Figure 2.8. Photodiode equivalent circuit response with varying wire bond

inductance. Inductance values vary from 500 pH to 50 pKsimulation code may
be found in Appendix B.

From the model, an optimal cutoff frequency occurs for an inductance of 20 pH.
The cutoff frequency increases greatly with decreasing inductance from 500 pH
to 50 pH and then begins to inaease agairfor inductances below 20 nH. At 20 nH,
the cutoff frequency ofthe circuit is 278 GHz resulting in a 6@Hz 3 dB response
including transit time. As the ideal circuit in kgure 2.6 (a) had a response of only
55.26 GHg, this results in a 5 GHz improvemerftom simply optimizing the circuit
design. From [3€], the sameequivalent circuit without a parasitic capacitance
should havean optimal inductance of

0 Y Y

38



resulting in an optimal inductance of 32 pH, closely matching the modelTo
achieve this inductarce using al mil diameter gold wire, the wire bondwould
need to measure just, w torig between the photodiode pad and transmission
line. While difficult, this length could be achieved using austomcarrier designed

for the transmission lines to sit at the same heightas thephotodetector pads.

2.7 All-Optical Switching Node

Building upon the static link presented in ®ction 2.1, a updated
communication link featuring a switch node is presented in kgure 29. Here an
all-optical switch is utilized to re-route incoming data to the desired destination.
An optical wavelength (frequency)demultiplexer is used to spit out the incoming
wavelengthsthat are then fed into individual channels of the switch.Eachinput
may be individually configured to route the sgnal to the desired output. As
multiple signals may be sent to the same port, the multiplexing function at the

output is inherently performed.
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Figure 2.9. Block diagram of an albptical switching node for a WDM
communication link.

Several attractive functions may be implemented by an albptical switch
depending on the arclitecture used. Ald-drop multiplexing, for example allows
the switch to add new data to an existing data streamwhile dropping off others.
An adddrop multiplexing scheme using an altoptical switch is presented in
Figure 2.10. In this configuration, the switch hasseveral input ports dedicated to
adding and several output ports dedicated to dropping This functionality is
particularly useful for transmitting/receiving data in fiber optic ring networks

where there are several endpoints along aircular path.
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Figure 2.10. Block diagram of an albptical switch used in an optical adedrop
multiplexer configuration.

For larger networks with more connection points, it is useful for the swtch to
be able to perform signal regeneration particularly in cases where multiple
switches are cascaded together causing additive insertion loss and signal
degradation. Three regenerative properties of aloptical switches are clock
recovery/re -timing, re-amplifying, and re-shaping [L7]; these areillustrated in
Figure 2.11. The retiming function is typically performed by feeding the incoming
signal into a modelock laser with a similar pulse length to the original signal. This
provides feedback that c® OAO OEA 1 AOGAOE O bHOI OA Oi
the incoming signal. The resulting pulse train is used in conjunction with the

original signal to gate an amplifier, recreating the original signallf7].
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Figure 2.11. Plots of several optical pulse representing various stages of 3R
regeneration including (a) a degraded signal, (b) ramplification, (c) re-shaping,
and (d) re-timing.

Implementation of the re-amplifying function is much simpler, requiring only
an amplifier to re-amplify the incoming signal at the cost of additional amplified
spontaneous noise (ASE) from the amplifier. The fshaping function goes one
step beyond reamplification by generating a new signal that removes the additive
ASE noise inherent in reamplification; this functionality is typically implemented
through optical nonlinearities used to convert the incoming signal @ a new
wavelength. Becauseseveral d the nonlinear processes allow wavelength

switching, the conversion process may also be used as a switching functid].

2.8 SOAWavelength Conversion

There are several nonlinear processes which may be used to perform-all
optical switching, including cross-gain modulation, crossphasemodulation, and
four-wave mixing [17]. As these nonlinearities occur at large opticalntensities,
an amplifier such as an SOA or EDFA is typically required. Sbased waelength

converters are typically preferred for optical switching due several advantages
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over EDFAsin the area ofintegration, including size, power consumption, and
scalahlity.

In cross-gain modulation (XGM), an incoming signal is used to deplete carriers
in an optical amplifier, as shown in kgure 2.12 (a). When acontinuous wave (CW)
signal is passed through at the same time, the carrier depletion changes the gain
available to it, which modulates its amplitude, regenerating the original signal.
The bandwidth of the resulting switch is limited by the gain recovery time of the
amplifier. For SOAs on indium phosphide, this is typically on the order of 100 ps,
theoretically limiting the switch to 10 GHz operation but more complex gain

dynamics havebeen utilizedto enable switching beyond 100 GbpEgl7].

(@ _ UL SOA —U'I_I'H-U—’

(b) L Interferometer
: uUuUur

YV

(c) _W Interferometer
- U

Figure 2.12. Several wavelength conversion schemes based on nonlinear optical
processes, including (a) crosgjain modulaton, (b) crossphase modulation, and
(c) differential cross-phase modulation.
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In cross-phase modulation (XPM)alarge optical intensity is used toinduce
an index shift in a waveguidecausedby the optical Kerr effect. This phase shift
may be used to modlate a CW wave passed through the waveguidd7]. By
introducing the large optical intensity to only one arm of a MaclZehnder
interferometer as shown in kgure 2.12 (b), the incoming optical signal gates the
CW signal on that arm, resulting in opticabptical modulation. In this case, the
bandwidth is limited by the index response of the material @ the large optical
intensities. While theseare typically much faster thanthe gain mechanism used
in XGM the large optical intensities required are usually ahieved through useof
SOAs in the interferometer that are once again limitetby their gain recovery
times. However, more complex interferometer configurations may be used to
overcome the inherent limitations of the SOAs; for example, a differential
interf erometer such as that in kgure 2.12 (c) can split the incoming optical signal
to drive both arms of aninter ferometer in a pushpull configuration allowing for
much faster operation by setting he delay between the two inputs tcachieve the

desired switch bandwidth.

2.9 All-Optical Switch

Building upon the wavelength conversion approacks discussed in the
previous section an all-optical switch based on an XPM wavehgth converter is

presented in Hgure 2.13. In this configuration, a tunable laser is usetb choose
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the CW signal into the interferometer. By using a wavelength selective filter
downstream of the converter, the signal may be routedo any desired output
based onits wavelength, and output multiplexing may also be performedas all
signals routedto individual outputs are combined in the filter. In this approach to
all-optical switching, most of the system complexity is tied up ithe wavelength
converter that performs the routing function by selecting the new wavelength. As
all of these componens may be mondthically integrated, this makes ita suitable

candidate technology formonolithic integration of an all-optical switch.

| [taser |+ Converter}—. - --Filter 2. output 1
| Wlm. =T e == = Ilint. Output 2
Demux
Input

—_| | Laser —=

o Y
I'.'|'

| -\--_g;'-:f{ Output N |

Converter I—.

Figure 2.13. Diagram of a WDM albptical switch based on an array of
wavelength converters with a downstream wavelendt selective filter.

2.10 Chapter Summary

In this chapter, the theory behind a simple communication link was built up to
include both coherent communication schemes and switch network
implementations. Several coherent modulation formats were discussed anithe
operation behind a coherent receiver was described. After this an abptical

switching node was describedand different operating configurations were
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detailed. Finally, several forms of nonlinear optical processes weriscussedfor
use in a wavelengh converter all-optical switch, and the architecture for an aH
optical switch based on such mechanisms was laid outVith the design of the
receiver and router complete, Gapters 3 and 4 will continue by discussing the
building block components requiredfor implementation of a monolithic tunable

coherent receiver and aloptical switch.
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Chapter 3

Design of a Monolithically
Integrated Coherent Receiver

3.1 Monolithically Integrated Coherent Receiver
Requirements

There are several attributesnecessaryfor the functionality of amonolithically
integrated coherent receiver. These break down into threebroad performance
categories: optical gain, propagation loss, andesponse time The tunable
coherent receiver conssts of 5 overall functional blocksthat were briefly outlined
in Chapter 2: an SGDBR laser local oscillato(LO), amplifier SOAs photodiodes,
90° optical hybrids, and interconnecting waveguides and splittersthat are
summarized inFigure 3.1. For the SGDBR laser, optical gain is necessary to allo
for stimulated emission of photonsas well as efficient electrical pumping to
facilitate current injection into the gain material, large optical confinementto
make more effetive use of available gain, and high index tuning efficiendpr
efficient mirr or operation. In the onchip amplifiers, optical gain is required as
well as large optical confinement for more eéctive amplification of small signals.

The photodiodes require an absorptiorregion designedfor both minimal carrier
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transit time and asmall RC constant to awid limiting RF performance ofthe

circuit response. It is also beneficial to have &igh absorption coefficient for

reduceddiode area.

SG-DBR laser
Amplifiers
Photodiodes = =
90° optical hybrids B
Waveguides and splitters

Gai : i
1) Optical gain

2) Efficient electrical pumping
3) Large optical confinement
4) Small optical confinement

Low loss component attribute
1) Low loss

2) High index tuning efficiency
3) Strong optical guiding
4) Weak optical guiding

Figure 3.1. Chart summarizing monolithically integrated coherent receiver
functional blocksand operating requirements separated bythe categories ofgain,

high speed, and low loss.

In the 90° optical hybrids, sufficiently low loss is required to enable an

incoming signal to be receivedwithout significant attenuation as well ashigh

index tuning effidency for adjusting the quadrature point of the hybrid splitter

and strong optical confinementfor compact PIC layout. Fortthe splitters and

waveguides both low loss and strong optical guidingare beneficial for seamless

connection of interacting componerts.
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3.2 Monolithically Integrated Coherent Receiver
Components

Recaling the overall requirements for coherent receiver from Section 1.21,
the coherent receivershould haveminimal LO linewidth , maximumwavelength
stability, minimal loss (particularly through the 90° optical hybrid), high
responsivity, minimal photodiode response time, anda wide wavelength range.
The following sections detail design work on individual components towards

meeting these specifications.

3.2.1 90° Optical Hybrid

Two typical types of 90° optical hybrids thathave been demonstrated in
monolithic receivers are those based or2x4 multi-mode interferometers (MMI)
[40] and 2x2 3-dB couplerarrays[41]. Schematicdiagramsof the two approaches
are presentedin Figure 3.2. Eachhybrid operates by splitting the input data and
LO signals and mixing them togethethrough a series of mixing stagesin the
process, me half of the LOsignalis phaseshifted 90° to the quadrature point while
the other is left in-phase; each of these isnixed with the incoming signal to

recover thequadrature and in-phasecomponents of the data.
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Figure 3.2. Diagrams of twamplementations of an integrated90° optical hybrid:
(a) a 2x2 MMtbased design41] and (b) a 4x4 MMibased design 40].

Several desigrparameters for the hybrid are listed in Table 3.1.For minimal
overhead in theDSPequalization step, thehybrid outputs should be balanced, as
any residual imbalance can skew the received signand cause an increase in
detection errors. The phase of thequadrature outputs must beclose t090° to
avoid ambiguity in the adjacent phase decision points that can also causean
increase in detectionerrors. To avoid signal jitter and feedback to the LO, the
hybrid must also have minimal back reflectionsand low excess losdacilitates

maximum sensitivity.
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Table 3.1. Requirements for several parameters of the monolithically integrated
90° optical hybrid.

Output Imbalance <1dB

Quadrature Phase 90+ 1I°
Back Reflection <-40 dBm

ExcessLoss <1dB
Wavelength Range > 100 nm

The hybrid design of Figure 3.2 (a) was ultimately chosenas phase shifters
may be placed on the routing arms to enablactive tuning ofthe quadrature point,
greatly increasing resilience to fabrication errors A diagram of the MMI with
including critical dimensions ispresented in Hgure 3.3. The MMIs were designed
for a broad range of operation from 15081600 nm to ensure good performance

over the full Gband.

Input Port 1 Output Port 1

Input Port 2 Output Port 2

Figure 3.3. Schematidiagram of the MMI used in tke 90° optical hybrid.
4 EA - dedighwas simulated and verified using commercial FIMMWAVE

mode solving software. Simulatiorcovered the splitting of a TEo mode input into

the upper arm of the MMlover the wavelength range from 1500 to 1600 nm.
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Simulation results showing the mode evolution through the multimode section
at 1525, 1550, and 1565 nm are presenteth Figure 3.4. Excess lossand output
imbalancemeasured at output ports 1 and 2are plotted in Fgure 3.5 from 1500
to 1600 nm. Back reflected paver to input port 1 was not plotted and remained

below -60 dBm across all wavelengths.

Figure 3.4. Smulated propagation of a Tk mode through the MMI from input
port 1 into output ports 1 and 2at (a) 1525 nm, (b) 1550 nm, and (c) 15651m.
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Simulation performed with FIMMWAVE mode solver software using the film
mode matching (FMM) method.
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Figure 3.5. Simulatedtotal excess los®f a TEo mode propagated from input port
1 to output ports 1 and 2as well as imbalance between utput ports 1 and 2
plotted versus wavelength. Simulation performed with FIMMWAVEmMode solver
software using the film mode matching (FMM) method.

For this hybrid design, a waveguide crossing is required to connect the in
phase LO signal to the upper second stage MMI. To minimize baekections and
crosstalk of the two waveguides, incidence angle was simulateieh [42] using
beam propagation methodand found that incidence angles above 25result in

negligible reflections andcrosstalk.
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3.2.2 Local Oscillator

The local oscillator corsists of anSGDBR lasebased on the design fronp43].
A schematic diagram is presented in kgure 3.6. The laser consists ofwo grating
mirrors with offset sampling periods resulting intwo complementarycomb filters
that may be index shifted through curent injection allowing for the combpeaks
to be tunedacross several nanometersWhen properly designed,the two filters
use theVernier effectto select a widerange ofoutputs and greatly increasethe

available tuning rangeof the device

Back Mirror Phase || Gain Front Mirror

Figure 3.6. Schematicdiagram of the SGDBR laser consisting of back mirror,
front mirror, pha se section, and gain section [43

To define the operating wavelength of the laser, several parameters must be
set; these are illustrated in Figure 3.7; for the SEDBR laserdesign of this
dissertation, parameters were based off of previous workfrom [44]. First, the
grating period is definedto center both comb filters at 1540 nm to matchthe gain
PDPAAE 1T &£ OEA [ AOAOEAI 8 &1 O A COAOEkid ¢ DPAOEI
cE
For a waveguide index of n = 3.2@he grating period required for a peak refletion

at 1540 nm is 236 nm. Nexthe sampling period % of the gratings must be chosen
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to set thepeak spacing of the combs. For continuous tuning, the peagaging for
each mirror must be less than the ttal tuning range of themirror based on the
index tuning efficiency of the material. Forap 8 1t |  AvdvegliGRAlR
maximum measured tuning range is 7 nm[44]. Using a conservative 3.6>m
maximum spacingthe front mirror was designed to have 8.55 nmpeak spacing
requiring Zo E w1t 8apd thel back mirror was designed for a3.24 nm peak
spacing requiringZoE ww8 ¢ t | 8 4 E A1iofdheigratings &ng numiieA O E

of grating bursts N adjusts the rdection strength of the mirrors; the valueszi =

o8¢ t1I . E o A O 1BEAHh A£OT 1.0 EI POOIAe@A 10E A:

chosenresulting in reflectivity spectrums plotted in Figure 3.8. Total theoretical

tuning range of the two comb filters may bedetermined by

&

1RrMs Y
v

<

[45] x E A Gellsis the repeat mode spacingThus the theoretical lasing range is

37.1 nm.
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Figure 3.7. lllustration of the design parameters of the sampled mirror tatings
in the tunable laser[43].
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Figure 3.8. Simulated reflectivity of the front and back mirror of the S®BRIlaser
versus wavelength. The ed and blacktraces indicates the backand front mirror
reflectivities. Respectively.Simulation code written by Michael Beltand may be
found in Appendix A.

3.2.3 Photodiode s

For the photodiodes in the coherent receiver work, the design used consists of

a p-i-n junction with an absorptive intrinsic layer consisting of seven quantum
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wells with a 1540 nm bandgapFor an in-plane waveguide plotodiode such as the
one used in this workthe quantum efficiency may be described as

- lIp Y 0)|_ p Q
where Ris the reflection at the photodetector interface/ is the coupling efficiency
due to modal mismatch,3 is the confinement factor of the mode within the
absorption layer, 1 8is the inter-band absorption, and] is the loss coefficient #6].
The loss coefficient may be described as
I I P W |
with § rcdefining the free carrier ab®rption loss inside the absorption layer,| Fcx
defining the free carrier absorption outside the absorption layer, and s defining
OEA xAOACOEAAG O3 widAudrOyleardr thah rt Jirc) &n8 s, JheE
guantum efficiency reduces to
- lIp Yp Q

[46]. For an offset quantum wd waveguide structure, the confinement factor of
the mode within the quantum wells is 5.4% [44], and for an approximaté&500
cmlinter-band absorpionh A om t1 1171 ¢C DPET O AET AA xEI |
ETATTETC 1TECEOh AT A A o¢om i1 11T1TC DPEI O AET A

To minimize capacitance, photodiodeledrical pads were designed to have a

60 >m diameter, the minimum for practical wire bonding Using athick low-K

dielectric such as BChe theoretical padcapacitance may be greatly reduced, and
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a dielectric thickness greater than 7>m should result in roughly 10 fF of
theoretical capacitancewhich closely matches the20 fFtheoretical capacitance of
a30x3.65>m InGaAsPphotodiode with a 1.2>m depletion region. By keeping the
wire bond lengths shorter 500 >m, the resulting photodiode circuit shouldbe
capable ofgreater than 30 GHzandwidth, meeting the design specifications of

the coherent receiver

3.2.4 Polarization Diversity and Demultiplexing

An integrated polarization manipulation scheme has several useful
applications in coherent reception. In a polarization diversity configuration, a
receiver may operate independenty of AT ET AT | Edol@rizatioh &tdtedb®
re-aligning incoming signals to the dsired polarization, eliminating the need for
active tracking andadjustment. In a polarization demultiplexing configuration, a
receiver may decode information on two orthogonal polarizations at once

resulting in double the data capacity.
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Figure 3.9. Black diagrams of (a) polarization diversity and (b) polarization
demultiplexing circuits.

Block diagrams of polarization diversity and polarization demultiplexing
circuits are presented in kgure 3.9 (a) and (b), respectively. In the polarization
diversity circuit, an incoming signal is separated into its orthogonal transverse
electrical (TE) and transverse magnetic (TM) components through a polarization
beam splitter. The TM component is rotated 90to a TE orientation and then
recombined with the unconverted TE component, resulting in a fully TE polarized
signal [47]. Similar to the polarization diversity circuit, a polarization
demultiplexing scheme separates the incoming signaito TE and TM components
through a polarization beam splitter and he TM compaent is then rotated 9C to

a TE orientation Unlike in the polarization diversity configuration, each
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component is then independently down-mixed and detectedresulting in data
reception on both polarizations.

Several structures have been proposed and demstrated for integrated
polarization demultiplexing on silicon; these have been summarizedn [48]
including MMls, directional couplers, MZls, photonic crystals, AWGSs, and miero
ring resonators. On indium phosphide, polarization splitterimplementations have
been limited to metalclad and modal birefringencedirectional couplers [49-51],
metal-clad waveguide MZIg[52], asymmetrical waveguide directional couplers
[53, 54], and quaststate imaging effect in MMIg[55]. Of all these designs, the
asymmetrical directional coupler design from [54] was chosen forits ease of
integration, requiring no additional processing steps andonly topographical
waveguide redesignfor compatibility with other components.

An asymmetrical diredional coupler based on that from [3}] is presented in
Figure 3.10with relevant design parameters. The splitter operates by using the
birefringence of an indium phosphide waveguide to allow one polarization to
couple to a higher order mode in avider adjacent waveguide while preventing
the other polarization from coupling due to beta mismatch. Another waveguide
on the other side of thecenter waveguidetransition s the coupled wave back to a

low order mode.
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TE,+TM,

Figure 3.10. Schematialiagram of an asymmetrical directional coupler used for
polarization splitting with relevant design parameters[54].

4EA AEOAAOEITAI Al OPIi A0O6O DAOA Oi AT AA
FIMMWAVE mode solving software andovered the couplingof the TEoand TMo
modes over a wavelength rangdrom 1500 to 1600 nm. Simdated mode evolution
propagating through the multi-mode section at 1525, 1550 and 1565 nm are
presented in Rgure 3.11. Simulated insertion loss ofthe TMo mode was plotted
in Figure 3.12 from 1500 to 1600 nm showing useful operating range of roghly

65 nm from 1500 to 1560 nm; nsertion loss for the Tk mode remained above 0.3

dB over the simulated wavelength rangand was not plotted
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Figure 3.11. Simulatedpropagation of Tk (left) and TMo (right) modes through
the polarization splitter of Figure 3.1 at (a) 1525 nm, (b) 1550 nm, and (c) 1565
nm. Smulation performed with FIMMWAVEmode solver software using the film
mode matching (FMM) method.

1

—~ 0 .

= 1 ,/”fﬁ&\

gL \

PR

3-3 \‘\

<-4

E \

= g \
_6 \\

1500 1520 1540 1560 1580 1600
Wavelength (nm)

Figure 3.12. Simulated insertion loss of a TMo mode passed through the
polarization splitter of Figure 3.1Q Smulation performed with FIMMWAVEmode
solver software using the film mode matching (FMM) method.
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After splitting, the TMmode must be converted to TE for improvedeceiver
sensitivity in a polarization diversity scheme andfor compatibility with TE-
polarized LO output in a polarization demultiplexing scheme. The input and
resulting output of a half wave plate capable of inducing a 90 polarization
rotation is presented in Figure 3.13. The wave plate functions by using a
birefringent crystal with an index difference 3n between two orthogonal
components of apropagating mode After length L., the two components of the
wave will be shifted 18C¢° out of phase with each other, resulting in a 90
polarization shift. The propagation length required toproduce a 180° phase stift

may be describedas

[56, 57] where o AT A arg the propagation constants of theorthogonal axes in

the birefringent crystal.
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Figure 3.13. Diagram illustrating operation of a half-wave plate using a
birefringent rotator such as that in [5§. An offset in thepropagation constantsof
the x- and y- crystal planes induces a phase shift in thepropagating wave
converting its optical mode from a TM to TE orientation.

Several examples of oithip polarization rotators have been @monstrated on
indium phosphide [56, 58, 59 using asymmetrical waveguide structures to
perform polarization mode conversion. For the work in this thesis, waveguide
based polarization rotators were explored due to their compatibility with the in
plane integration scheme utilized for the rest of the receiver components.

Two waveguide polarization rotator suitable for polarization rotation are
presentedin Figure 3.14 based onthat in [56]. The rotators use an asymmetry in
OEA xAOACOEAAGO &OhiAgbndctd thedlinearly balairedd O
electromagnetic field. The birefringence produces a phase shift in the

electromagnetic field due to the difference in effective index between the and

O

yv-AT T DT TAT OO0 T &£ OEA EEAI A xEeRAfcOdBRAAAO Ol
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propagation length, the electromagnetic field will be oriented 90° out of phas

from its original orientation .

750 nm - 1 pm
. ;.nhybrld 1 . qu e Hh}rbrid 1
R 80 nm
320nm § Ery 240 nm Erm
, oot A b Nyybrid 2
Nyyprid 2 0.5 pm 0.5 pm

(a) (b)

Figure 3.14. Diagram of two asymmetrical waveguide structuresuitable for
polarization rotation including relevant parameters [56].

A simulated mode evolution in the waveguide polarization rotator of Figure
3.14 (a) is presented in kgure 3.15 showing the top-down view of a waveguide
utilizing a slanted sidewall to rotate the propagating modewith left and right
images representing the T and TE components of the electrical field
respectively. As theTM-polarized incident wave propagates through the rotator,
the mode is converted to TESimulated excess loss of the TME rotation is
presented in Figure 3.16.To create a stong index difference, a strip waveguide
geometry is requiredfor stronger index contrastbetweenthe InP andair cladding.
The width of the waveguide mustalso be minimized to maximize increase mode

interaction with the air cladding. Awidth of 750 nm was the optimal trade-off
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between excess loss and large rotation coefficient; for this desidine propagation

length for a 90° polarization shiftwasp v t | 8

(ALY H“l"'l"" wWr 'i“l
Vnmm LA ANANLAGL

Figure 3.15. Smulated mode evolution of a TM mode propagatingthrough the

polarization rotator design from Figure 3.14(a) at (a) 1525 nm, (b) 1550 nm, and
(c) 1565 nm.The images showop-down views of theTM and TEcomponents on
the left and right, respectively. Simulation performed with FIMMWAVE mode
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solver software using the film mode matching (FMM method.
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Figure 3.16. Simulated excessossof a TMy mode converted to the Tk orientation
through the polarization rotator design from Figure 3.14 (a). Smulation
performed with FIMMWAVEmode solver software using the film mode matching
(FMM) method.

Simulated node evolutionof a TVb mode propagatedthrough the polarization
rotator design from Hgure 3.14(b) is presentedin Figure 3.17, andexcesdoss is
plotted in Figure 3.18 over various wavelengths from 1500 to 1600hm. For this
design, awidhofp t 1 ET OOT AOAAA -ofd kelveeh ibt&detioM I OOAAA
between the x and y- components of the fieldand excess loss in the rotator, and

P Y S
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Figure 3.17. Simulatedmode evolution of a TM mode propagating through the
polarization rotator design from Figure 3.14(b) at (a) 1525 nm, (b) 1550 nm, and
(c) 1565 nm. The images shovwop-down the TM and TEcomponents on the left
and right, respectively. Simulation performed with FIMMWAVE mode solver
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software using the film mode matching (FMM) method.
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Figure 3.18. Simulatedexcess loss of @Mo mode converted to the Tk orientation

through the polarization rotator design from Figure 3.14 (b). Simulation
performed with FIMMWAVEmMode solver software usng the film mode matching
(FMM) method.

3.3 Chapter Summary

In this chapter, overall design for several building blocks required for a
coherent receiver were discussed. Theory for building blocks including the 90
optical hybrid, local oscillator, photodbdes, polarization splitter, and polarization
rotator was described and critical design parameters for the components were
derived. With the theoretical design of the coherent receiver components

complete, theoretical design of the albptical switch may now be discussed.
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Chapter 4

Design of a Monolithically
Integrated Tunable Optical Router
(MOTOR)

4.1 Monolithically Integrated Tunable Optical Router
Requirements

There are several attributes needed for the design of the monolithically
integrated tunable optical router; broadly speaking, these break down into two
categories: optical gain and propagation loss. The tunable switch consisi§ 6
overall functional blocks:an SGDBR laser switchable wavelength source, linear
and nonlinear semiconductor optcal amplifiers, arrayed waveguide grating
router, delay line, and interconnecting waveguides and splitters. Figurd.l
summarizes their necessary characteristics sorted by broad category. For the-SG
DBR laser, optical gain is necessary to allow for stimaited emission of photons as
well as dficient electrical pumping to facilitate current injection into the gain

material. Large optical confinement isalso desired for more efficient use of the
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available gain in the laser, and high index tuning efficiencg needed for efficient
mirror tuning. Two different types of on-chip amplifiers are desired, both
requiring optical gain. The linear amplifiers require small optical confinement to
prevent distortion from gain saturation, and the nonlinear amplifiers requre
large optical confinement to facilitate gain saturation which serves as the

mechanism for wavelength conversion.

SG-DBR laser [} Gain component attributes

Linear amplifiers 8 1) Optical gain
Nonlinear amplifiers 2) Efficient electrical pumping
Arrayed waveguide grating router [l 3) Large optical confinement
Waveguides and splitters [l EJ 4) Small optical confinement

Integrated delay line i E}
Low loss component attributes
1) Low loss

2) High index tuning efficiency
3) Strong optical guiding
4) Weak optical guiding

Figure 4.1. Summary of the components for a monolithic tunable optical router
and each of their required attributes organized by 2 broadategories: gain and
low loss.

In the arrayed waveguide grating router, sufficiently low loss is required to
enable routing of the incoming signal without significant attenuation and weak
optical confinement to minimize propagation loss. he splitters, waweguides, and
integrated optical delay lines require low loss and strong optical guiding to
connect all of the interacting components and propagate the optical signals

through the chip without excess attenuation. Indium phosphide was chosen to
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integrate all of the necessary components, as it provides the best traadf
between integrating high gain functionality with low enough loss for larger

passive functions.

4.2 Monolithically Integrated Tunable Optical Router
Components

Now that the overall requirements for the design of the tunable ofcal router
have been definedthe individual components required for operation may be
described These are the SOBased opticatoptical Mach-Zehnder modulator,

pump source laser, and AWGR.

4.2.1 Mach-Zehnder Modulator

The primary component in the tunable optical router is the MactzZehnder
i TAOI AOT O j-:-Qq8 ' AEACOAI T1santedimiguré T AOI AOIT
4.2 consisting of a MachZehnder interferometer with SOAs on each arm. In static
operation, a CW pump souce is split into two equal signals in a 1x2 MMI. Each
signal is then passed through an SOAmplifying the signal. A DEAOA OEE &0
introduced to the upper arm, and the signals are recombined in a 2x1 Mgdusing
deconstructive interference to cancel out the signal, dissipating its power into the

s N~ A s oA N s oA
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Figure 4.2. Block diagram of the opticabptical Mach-Zehnder modulator(MZM).

By introducing another signal into the upper arm of the modulator, some of
the carriers in the upper SOA are stimulated into recombination by the new signal.
This induces achange in the carrier density within the waveguide of the SO&nd
induces a phase change through the electiaptic effect. If a large enough signal is
ETDOO ET O OEA 3 /maybe iAduc&iin the upperrbalavihg OE E £0
the pump signal to constructively recombine in the output MMI, putting the MM
ET O11 106& AAIOl A E O E bpiical-oplical@rioddlgtiorC  E 1

The speed of the modulatoris limited by the gain recovery time a measure of
the length of time for the pumpoutput power to respond after the input signal has
been switched from on tooff. The recovery time is primarily determined by the
ratio of optical gain to the current density into the SOA, as the carrier recovery
time is largely fixed bythe fundamental carrier generation process Smply put, if
more gain is produced from a given cuent density, a larger swing in the pump
signal may be produced resulting in a faster transition time. It is therefore

beneficial to havelarge optical confinement inthe SOAsused for the wavelength
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conversion process to maximizenode overlap with the gain materialand produce
more gain.

To overcome the fundamental limitations of gain recovery time, a puspull
configuration may also be implemented whergart of the input signal is split off,
delayed, and therfed to the lower arm of the MZM. This causes the pump sigh

in the lower arm to match the optical power of the upper arnafter a delaycausing

AARAOOOOAOEOA ET OAOAEAOAT AA ET OEA 100DPOO

to off much faster thanpossible with a singleended configuration. By choosing a
delaylength to match the pulse length desired, switching speeds much faster than

the gain recover time can be achieved.

4.2.2 Tunable Pump Laser

A tunable laser is requiredto choose thepump wavelength determining the
output of the MZM switch Similar to thelaser used in the coherent receiver, the
source in the tunable optical router requires avide wavelength range to facilitate
an equally large array of selectable outputs. Since the laser must also be
monolithically integrated onto the switch, an S&@BR deign was chosenas it
allows for a wide tuning range while inegrating all components orchip. The
same design described irsection 3.2.2was used in the router.

There are a few requirements that differ from that of the coherent receiver
implementation.SI AA- OEA O1T OOA0O60O0 OECT Al 6 AOA
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a critical aspect of the laser, buinstead the switching speed of the laser is critical
to the performance of the switch. For this application, electr@ptically tuned SG
DBR mirrors are syperior to thermo-optic solutions as the switching time is much
faster. For an ¢ectrically pumped SGDBR laser,the time to switch between
supermodes is typically 1015 ns [60], while that for a thermally tuned mirror is
slighty T A OO O E Adl]. Lasarrstabjlitf) is alsoimportant as it must remain
within a narrow passhand in the AWGRor proper routing and minimal channel

crosstalk.

4.2.3 Arrayed Waveguide Grating Router (AWGR)

The final piece of the aHoptical switch is the wavelengthselective router
based upon an arrayed waveguide grating router (AWGR) or phasedray
(PHASAR) structuresuch as that from [62] Figure 4.3 presents a diagram

AAOAOEAET ¢ OEA 17280 1 PAOAOGETT 8
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Figure 4.3. lllustration of an arrayed waveguic grating router [62] .

4EA 17280 AAOGECT AT A AAOEOAOQEIT 1T &£ DPAOA
[62]. The AWGR consists of two star couplers and an array of waveguides between
them with varying lengths gql. As light enters the star coupler from one of the
inputs, the mode is no longer guided and spreads out, producing an image on each
I £/ OEA OOAO Al OPI AO6O 1T00POO xAOACOEAARAO8 v
the arrayed waveguides with path lengths veying from gl to m-gdl. where m is
the number of waveguides in the array andd. is specified for a center wavelength

1cby

where Ny is the group index of the waveguide mode. An input signal with

wavelength1lc will cause constructive interference in the output star coupler at
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the mirror -image output port while other wavelengths will cause theconstructive
interference pattern to shift to adjacent output ports, thus producing the
wavelength routing functionality. To avoid dropping signds beyond the outer

output ports, the AWGR has a repeatinfyee spectral range described by

where cis the speed of light.
To allow for the image to reach all of the desired outputs in the star coupler,
its length must be set long enough to allow the mode to fully diverge. The required

length can be expresed as

where Nstar is the effective index in the star coupler andr and da are the pitch of
the output and input ports of the star coupler, respectively. Finally, the number of
waveguides in the array can beptimized as given by

¢—Y
Q

where [ ais the aperture width. As the aperture width is typically 23x the width

of a Gaussian fafield [ o according to [63], this can be approximated by
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as described in 2] where wug is the width of the input waveguide andV is the V-
parameter, an empirically determined fitting term to estimate the effective width

of the waveguide p2].

4.3 Chapter Summary

In this chapter, overall design ofseveral building blocksrequired for an all-
optical switch were discussed. Theory for building blocks including the Maeh
Zehnder modulator, tunable pump laser, and AWGR was described and critical
design parameters for the components were derivedWith the theoretical design
of both the coherent receiver and albptical switch components complete,

fabrication considerations for both devices may now be discussed.
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Chapter 5

Integration Platform and
Fabrication

5.1 Integration Platform

To meetthe monolithic design goal of the coherent receiver and abptical
switch, selection of asuitable integration platform was required to fulfill all
integration requirements. Several integration platform technologies and their
advantages and disadvantagesre presented in Figure 5.1, including indium
phosphide PICH26], silicon photonics[28], glass silica planar lightwave circuits
(PLCs)[64, 65], and hybrid 11I-V/silicon PICs[27,29]. In general, there are three
primary attributes vital to the performance of optical devices: high gain, high
speed, and low loss. As the only direct bandgap material, indium phosphide
provides the best avdable gain performance by far but also hakigher loss due
to high doping for efficient current injection [66]. Glass dica PLCs demonstrate
the lowest propagation losg64], enabling high performance passive components

such as AWGRs and optical hybrigbut cannot be electrically pumped for gain
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due to the insulatingnature of the silica waveguide Recent work, however, has
demonstrated gain throughthe use oferbium-doped waveguides 65], showing
promise for active component integration on the platform. Silicon photonics
leverages the maturity of silicon processing technology to enable high speed and
low loss componentsput as an indirect bandgap material, native gain on silicon
has been difficult to realize. To address this, recent work has been doteebond
l11-V material onto high performance silicon photonic circuits allowing for
evanescent coupling to the active mat@al and leveraging the best of both IHV
and silicon systems §7, 68]. Although promising, this platform isrelatively new.
Of all the platforms, silicon and silica are the most mature, as they are able to
leverage existing technology from the silicon elctronics industry to enable both
commercial products and robust foundry services, while indium phosphide has a
maturity in between the two, having @mmercial devices available and a nascent

foundry model.
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Figure 5.1. Diagram presenting the strengths andveaknesses of several material
platforms available today for photonic integration, along with their relative
commercial process maturity[26-29, 64, 65].

Based on thestate of each platform and the requirements of coherent receiver
and all-optical switch, indium phosphide was chosen for the availability of high
gain to enable onchip lasers and amplifiers critical to the performance of both
devices while still allowing for high speed photodiodes and modulatorsSeverd
integration strategies have been exiored on indium phosphide which broadly
include simultaneous active/passive component integration through selective
placement/activation/passivation of a quantum well gain material, but the two
that have lbeen focused upon at UCSB areffset quantum well (OQW) and
guantum well intermixing (QWI) described in [66]. The offset quantum well

approach benefits from a relatively simple fabrication schemeas the quantum
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