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Abstract 

Wavelength Tunable Monolithic InP Receivers and 

Switches for Optical Communication 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 feasible, cost-effective scaling of existing network infrastructure has 

generated an intriguing area idea in which several technologies are combined at once 

to create a solution more capable than any individual approach. By leveraging these 

technologies together, a scalable path capable of providing sustainable growth in the 

telecommunication field may be realized. 

 This dissertation explores this concept by the applying principles of monolithic 

integration to coherent receiver and optical switch technology 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 developed by integrating local oscillator, mixer, 

and high speed detection functions together on a single chip in an architecture 

capable of supporting polarization multiplexing and phase shift keying modulation 
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supporting higher capacity modulation formats through the use of more advanced 

feedback electronics and digital signal processing. 

In addition, a monolithic all-optical switch was developed by integrating both 

wavelength conversion and wavelength filtering functions onto a single chip. The 

architecture is capable of high speed switching of optical signals without costly 

optical-electrical conversion by utilizing an array of optical-optical modulators with 

scalable channel capacity and a static arrayed-waveguide grating router. By 

integrating these functions on the same chip, costly packaging issues may be avoided, 

greatly reducing development and production costs. 

By moving an increased number of components onto single die while maintaining 

similar  performance to discrete solutions, the coherent receiver and all-optical 

switch devices presented in this work advance the state of the art by improving the 

cost and manufacturability of optical communication devices. Even more, these 

technologies represent a path toward manageable growth of optical communication 

systems for long haul, datacenter, and short reach solutions by demonstrating 

scalable architectures for each application. Development of such technology is not 

only vital but essential for the continued growth of the telecommunications industry. 

The novel application of photonic integration, coherent modulation, and optical 
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switching technologies are a viable solution to maintaining sustainable growth in the 

telecommunications field.   
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Figure 1 .1. System diagrams 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 schemes from the 1980s through the 1990s 

focused on increasing link distance by maximizing the receiver sensitivity and 
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typically operated with an optical phase-lock loop and local oscillator [2]. This 

focus fell to the wayside as wavelength division multiplexing (WDM) systems 

using erbium doped fiber amplifiers (EDFAs) and receiver pre-amplifiers made 

other methods for increasing link distance and sensitivity largely irrelevant [2]. 

Renewed interest in coherent receivers was sparked by research into self-

heterodyned differential phase-shift keying (DPSK) using a delay interferometer 

to allow a signal to reference itself to 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 communications or for 

wavelengths at which viable amplifiers do not exist [2]. Recovery of the phase 

component of the incoming wave also enables full recovery of the electric field 

information, which can be digital ly manipulated to improve tolerance to optical 

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 tunable local oscillator [2]. These advantages make phase 

shift keying a suitable candidate for improved network infrastructure utilization.  

Since most of these improvements are realized post-transmission, receiver 

technology has received the largest development focus in coherent systems. This 

has been enabled as digital signal processing (DSP) electronics have become 
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mature enough for real-time compensation of fiber nonlinearities. DSP technology 

has long been utilized in wireless and DSL systems where orthogonal frequency 

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 optical transmission systems are a logical next 

step for its application. 

1.2.1 Receiver Requirements  

There are several design aspects which are important for a coherent receiver; 

these are detailed in Table 1.1 alongside performance goals and associated 

components. First, the linewidth of the local oscillator should be minimized to 

reduce phase noise that causes signal degradation. Its wavelength must also be 

stable to enable maximum spectral efficiency through narrowband filtering and 

with minimal guard bands to avoid channel cross-talk. To maximize receiver 

sensitivity, the loss in the passive functions of the device such as the polarization 

splitters and signal mixers must be minimized, and the photodetectors should be 

designed for maximum responsivity. For flexible allocation of available fiber 

spectrum, both the local oscillator and photodiode should have a wide operating 

wavelength window that can be quickly re-allocatedȟ ÁÎÄ ÔÈÅ ÐÈÏÔÏÄÉÏÄÅȭÓ 

response time should be minimized for compatibility with high  signal clock 

speeds. Additional design goals include polarization diversity, allowing any 
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polarization state to be recovered by the receiver, greatly reducing system 

complexity and fiber cost, as well as low power consumption, minimal size, and 

low cost for commercial adaptation, all of which are enabled by monolithic 

integration.  

Table 1.1. Attributes of a monolithically integrated coherent receiver with 
performance goals and contributing components for a 100 Gbps 100GBASE-ZR 
compatible receiver [4]. 

Design Attribute  Performance Goal  Contributing 
Component(s)  

Linewidth  < 10 MHz [5] Local Oscillator 

Wavelength 
Stability  

± 0.1 nm Local Oscillator 

Wavelength Range > 40 nm Local Oscillator 

Sensitivity  -20 dBm [4] Photodiodes, Hybrids, 
Amplifiers, Local Oscillator 

Bandwidth  > 25 GHz Photodiodes 

Power Dissipati on < 1 W Amplifiers, Local Oscillator 

Physical Size < 5 mm2 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, 90° optical hybrids, and 

photodiodes. Recently, however, several examples of monolithically integrated 

coherent receivers have been developed particularly on the InP substrate; these 

are compared in Table 1.2. Receiver design has focused in particular on achieving 
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100 Gbps operation on a single chip which is the general limit of contemporary 

DSP electronics. The PICs typically include on- or off-chip polarization 

demultiplexing, 90° optical hybrids, and balanced photodiodes but tend to utilize 

an off-chip local oscillator 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 [6-12]. Several examples exist with on-chip local 

oscillators, including one with a 10 channel array of distributed feedback (DFB) 

lasers for operation in a WDM system [13], a single channel receiver utilizing a 

sampled-grating distributed Bragg reflector (SG-DBR) laser and a second 

regrowth to allow for both high gain and high absorption material on a single die 

[14], and two more receivers with single- or dual-channels featuring an integrated 

SG-DBR laser and photodiodes using the same layer for gain and absorption which 

suffered from relatively poor RF performance in their photodiodes [15, 16]. In this 

thesis, we improved upon the design in [16] and were able to demonstrate the 

first dual-channel coherent receiver with an integrated widely tunable local 

oscillator and photodiodes capable of operating greater than 25 GHz fabricated 

using a single epitaxial structure and requiring no second regrowth. Furthermore, 

the integrated receiver described here demonstrates one of the largest examples 

of data capacity over a single wavelength for a monolithic device with 100 Gbps 

total theoretical single wavelength capacity as well as a wavelength range of over 
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40 nm. Further improvements to the local oscillator and photodiode design could 

scale this receiver design to quadrature amplitude modulation (QAM) operation 

at greater than 40 Gbaud allowing for single-wavelength data throughput beyond 

320 Gbps on a DP-16QAM format. 

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

Organization 
[Reference] 

UCSB 
[16] 

u2t  
[7 ] 

Bell Labs 
[9 ] 

Infine ra  
[13 ] 

Fraunhofer  
[6 ] 

Polarization 
Multip lexing 

No Off-chip On-chip Off-chip Off-chip 

Integrated Local 
Oscillator  

(Linewidth)  

30 nm 
tunable 

(25 MHz) 

No No Static DFB 
array 

(157 kHz) 

No 

Format  QPSK DP-QPSK DP-QPSK DP-QPSK DP-QPSK 

f3dB 10 GHz 26 GHz N/A 26 GHz 50 GHz 

Bitrate/Channel 
(per 

polarization)  

20 Gbps 56 Gbps 43 Gbps 50 Gbps 50 Gbps 

Bitrate (# of 
channels)  

20 Gbps 
(1)  

112 Gbps 
(1)  

172 Gbps 
(4)  

500 Gbps 
(10) 

100 Gbps 
(1)  

 

1.3 All -Optical Switches  

All-optical switches have long been of interest for optical computing as the 

energy required to route a photon is theoretically much less than that of an 

electron. In practice, computers based on optical switches would be impractical 
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due to the large interaction length of photons, but they have found a more suitable 

use in communication systems where network bandwidth exceeds that of 

available electronics [17]. Rather than perform costly electrical to optical (OE) 

conversion, switches utilizing all-optical architectures can transparently re-route 

data as required, reducing system complexity. 

Research into all-optical switches has primarily focused on increasing 

switching speed and reducing power consumption as there are several different 

applications that become possible depending on switch rate. At milli second 

response times, optical switches are suitable for network protection applications, 

while at nanosecond response times, all-optical packet switching using header 

rewrite becomes possible. In the picosecond range, switches can perform bit -by-

bit  data rewrites  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 non-blocking 

capability [18]. 

Several optical switch technologies have been explored in recent years, 

including those based on microelectromechanical system (MEMS) mirror arrays, 

thermo-optic and electro-optic waveguide switches, and acousto-optic waveguide 
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interferometers [17]. Perhaps the most promising approaches are those based on 

nonlinear optical processes including four-wave mixing, cross-gain modulation, 

cross-phase modulation, and cross-absorption modulation. These nonlinearities 

occur in either fiber or semiconductor waveguides at high photon densities and 

allow for ultrafast switching speeds, and the relative stability and short response 

time of semiconductor-based nonlinear optical switches in particular  have made 

them a prime area of research. Most of this research has focused on the use of 

semiconductor optical amplifiers (SOAs) to generate photon densities required 

for nonlinear operations as SOA converters meet not only the requirements listed 

above but are also scalable and non-blocking, making them a suitable candidate 

for all-optical networking. 

1.3.1 All -Optical Switch Requirements  

There are several important aspects of an all-optical switch for a packet-

switching application; These are laid out in Table 1.3 following that discussed by 

Ma et al. As previously discussed, switching speed largely dictates potential 

applications for optical switches and is the most vital  metric for switch 

performance. Minimal channel crosstalk on the order of 40-50 dB is desirable as 

well as low insertion loss to enable cascading of multiple switches. It is useful for 

switches to have low polarization-dependent loss to improve reliability and 

minimize monitoring overhead. 
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Table 1.3. Attributes for an SOA-based monolithically integrated all-optical 
switch along with performance goals and contributing components [18] . 

Design Attribute  Performance 
Goal 

Contributing Component(s)  

Switching Speed < 1 ns SOA, Local Oscillator 

Channel Crosstalk  < -20 dB Arrayed Waveguide Grating 
Router (AWGR) 

Insertion Loss  < 5 dB AWGR, SOA, Waveguides 

Wavelength Range > 40 nm SOA, Local Oscillator 

Bitrate/Protocol 
Transparent  

> 40 Gbps on-
off keying 

SOA, MZI 

Nonblocking  Yes SOA, MZI 

Power Dissipation  < 2 W 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 costs [18].  

1.3.2 State of the Art  

Despite many technological offerings for all-optical switches in research, few 

have been developed into commercial offerings or even fully integrated switches 

devices. A table of existing technologies, performance, and progress towards 

commercialization is presented in Table 1.4. These include electro-optic and 

thermo-optic waveguide directional coupler-based switches that modulate 
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waveguide index to control output port;  liquid crystal switches that use liquid 

crystal modulators to switch the polarization of incoming signals and direct it 

through a downstream polarization beam splitter;  static on/off SOA arrays; and 

bubble switches that use liquid to deflect light to a desired output [19]. By far the 

most commonly used switches today are reconfigurable add-drop multiplexers 

(ROADMs) consisting of tunable MEMs mirror arrays spatially directing incoming 

light; the speed of such devices is limited by the switching speed of the mirrors 

and typically on the order of milliseconds.  

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

Switch Technology  Response 
Time  

Switch 
Size 

Channel 
Crosstalk  

Insertion 
Loss 

PLC Thermo-Optic  
[20]  

4.9 ms 8x8 50.4 dB 7.4 dB 

Liquid Crystal  
[21]  

35.3 ˃ s 2x2 < -34.13 dB < 2 dB 

SOA Array 
[22]  

200 ps 1x8 < -12 dB 0 dB 

Bubble  
[23]  

7.7 ms 32x32 < -50 dB 3.9 dB 

MEMs Mirror Array  
[24]  

 

7 ms 8x8 < -50 dB < 1.7 dB 

SOA Wavelength 
Conversion  

[25]  

< 100 ps 8x8 < -15 dB Not reported 
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Recently, substantial research and development has been focused applying 

wavelength conversion to produce an all-optical switch, culminating in the 

demonstration of an 8x8 monolithically tunable optical router (MOTOR) capable 

of routing 40 Gbps data through an on-chip 8x8 arrayed waveguide grating router 

(AWGR) [25]. The work presented in this thesis builds upon this design by 

doubling the amount of input and output ports resulting in a 16x16 MOTOR chip 

monolithically integrating 545 optical components performing 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 and all -optical switches for more advanced functionality and 

network scalability. Density scaling of photonic integrated circuits over the past 

Ô×Ï ÄÅÃÁÄÅÓ ÈÁÓ ÃÌÏÓÅÌÙ ÒÅÓÅÍÂÌÅÄ Á -ÏÏÒÅȭÓ ,Á× ÅØÐÏÎÅÎÔÉÁÌ ÉÎÃÒÅÁÓÅ ÉÎ 

complexity [26]. However, unlike in the microelectronics industry, photonics 

technology has remained fragmented and lacked a true driver application capable 

of unifying architectures under a common development platform. This has 

resulted in a field more closely resembling that of the analog electronics industry 

than that of digital electronics. Several solutions to provide a unified photonic 

architecture have been proposed in recent years. Smit et al. detailed a foundry 
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model for integrated photonic circuits on InP using a set of standardized 

components and commercial foundry system to support it [26]. Heck et al. 

summarized results of hybrid III-V/silicon devices rapidly approaching device 

densities of existing mono-substrate platforms demonstrating the viability of 

leveraging mature CMOS process technology together with bonded III-V material 

[27]. Sun et al. recently demonstrated a large-scale integrated optical phase array 

highlighting the immediate scalability of pure silicon photonic devices using 

existing CMOS infrastructure [28]. All of these approaches are viable and have 

significant overlap, and over time more advanced integrated photonic solutions 

will likely come from a combination of all three. 

Table 1.5. Several available photonic integration platforms and available 
components. 

Platform  Demonstrated 
Component Count  

Available  Components 

Indium 
Phosphide  

[26]  

> 273 [25]  Polarization splitter, converter; SOA, MZI 
switch, laser, arrayed waveguide grating 

(AWG), phase modulator 

Silicon  
[28]  

> 12,288 [28]  Polarization splitter, converter; MZI 
switch, arrayed waveguide grating 

(AWG), phase modulator 

Hybrid 
InP/Silicon  

[27]  

> 410 [29]  Polarization splitter, converter; SOA, MZI 
switch, laser, arrayed waveguide grating 

(AWG), phase modulator 
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The work in this thesis is based on integration technology 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 represent novel 

applications of these components enabling new functionality, their operation  

must be closely investigated to account for unexpected interactions. For example, 

while discrete InGaAs photodiodes have extremely low dark currents 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 cross-talk from imperfect 

electrical isolation and results in a dark current three orders of magnitude higher. 

These and other effects 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 integrating a local oscillator and receiving 100 

Gbps data on a single wavelength. This thesis presents results on a monolithic 

tunable coherent receiver implemented with  a widely tunable local oscillator 

capable of operating over the entire C-band for flexible bandwidth allocation and 

tunable selective filtering. This PIC integrates all of the components necessary for 

100 Gbps DP-QPSK data reception on a single die, including local oscillator, mixer, 
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and detector functions. A DSP is used in conjunction with the coherent receiver to 

recover data rates up to 100 Gbps, which also enables digital compensation of 

fiber nonlinearities. System testing with  50 Gbps QPSK data reception per 

polarization showed that operation down to an error floor of 10-8 was possible, 

limited  by local oscillator noise. 

In addition to receiver work, the design, fabrication and testing of an 

integrated 16x16 all-optical switch is covered. The switch design consists of an 

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 functions for a total of 81 optical functions including the on-chip 

AWGR filter. The chip consists of 545 optical components making it one of the 

largest examples of monolithic photonic integration on the InP platform to date. 

The switch utilized an electro-optically tuned SG-DBR laser with a 40 nm 

operating window with switching speeds in the nanosecond range for use in 

packet switching applications, and the laser bandwidth extended across the 

optical C-band (1525-1565 nm) for suitability in WDM applications. In addition, 

the wavelength conversion process resulted in signal regeneration beneficial for 

cascading switch networks. 
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The dissertation begins in Chapter 2 by reviewing the theory behind the 

operation of the coherent receiver and all-optical switch and the briefly describing 

the systems in which they will be used.  

Chapter 3 and 4 define the requirements for each and discuss building block 

components required including improvements to the photodiode circuit to enable 

greater than 30 GHz operation, design work towards an integrated on-chip 

polarization demultiplexer, and design considerations for the lasers, wavelength 

converters, and AWGR. Chapter 5 presents the integration platform used for 

monolithic integration and gives an overview of device fabrication as well as 

various process improvements. In Chapters 6 and 8, the results of component 

characterization on the two PICs are given and discussed. System testing is 

presented and discussed in Chapters 7 and 9, and Chapter 10 concludes the 

dissertation with a summary and discussion 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 the coherent receiver and 

all-optical switch, it is useful to review theory of two reference systems 

representing their main operating aspects. For the receiver, a typical optical 

communication link is presented in Figure 2.1 consisting of a transmitter, fiber 

optic cable, and receiver. In an intensity modulated/direct detection (IM/DD) 

scheme, an optical light source is directly modulated to generate a signal by 

shifting the amplitude of the carrier wave, known as amplitude-shift keying (ASK). 

The signal is then coupled to a fiber optic cable and transmitted to an end-point 

receiver. The cables have very low propagation loss on the order of 0.2 dB/km 

allowing the signal to propagate extremely long distances before needing to be 

regenerated. At the end of the link, a receiver directly converts the incoming signal 

from optical power into current, generating a voltage across a load resistor which 

is then fed to a 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 signals simultaneously within the  optical C- and L-band from 

1530-1565 nm and 1565-1625 nm, respectively. Traditionally, each carrier wave 

in a WDM system represented its own static channel with an independent 

transmitter and receiver; in more recent superchannel applications, however, the 

optical spectrum can be dynamically re-allocated based on demand. All channels 

are then multiplexed onto a single fiber, maximizing available spectrum carried in 

a single fiber. The narrowband filtering functionality and tunability of coherent 

receivers is particularly useful for reducing system complexity in superchannel 

applications by reducing filtering components down to a local oscillator. 

 

Figure 2.1 . Block diagram of a simple WDM transmission 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 presented in Figure 2.2, including amplitude-shift keying, phase-shift 

keying, frequency-shift keying, and quadrature amplitude modulation. In Figures 

2.2 (b), (c), and (d), only one dimension of the carrier wave is modulated, while in 

(e) both the amplitude and phase are modulated for maximum efficiency 

improvement. 

 

Figure 2 .2. A sinusoidal carrier wave with various modulation formats: (a) no 
encoding (b) amplitude-shift keying (c) phase-shift 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 wave. The 

phase-shifted signal features a constant amplitude but periodically shifted phase 

to encode bits of data. For the phase-shifted signal in Figure 2.2 (c), a full ʌ phase 

shift is used to denote the difference between a one and zero, but other phase 

shifts may be employed. Figure 2.2 (d) shows an example of a frequency-shift 

encoded signal where a higher and lower frequencies represent zeros and ones, 

respectively. Finally, Figure 2.2 (e) presents a quadrature amplitude modulated 

(QAM) signal where the modulation schemes of Figure 2.2 (b) and (c) are 

combined to enable two degrees of encoding freedom. 
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Figure 2.3. Constellation diagrams of several digital modulation formats, 
including (a) amplitude-shift keying, (b) binary phase-shift keying using a ʌ phase 
shift, (c) quadrature phase-shift 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 wave for the QAM format. Here 

the magnitude of the points represents the amplitude and their angle represents 

the phase. Figure 2.3 (a) shows an ASK signal where only the magnitude varies 

and there is no change to the phase. In Figure 2.3 (b), a ʌ phase shift is used to 

create a binary phase-shift keyed (BPSK) signal. Because there is greater 
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separation between the BPSK points than the ASK format, this modulation format 

is more resilient to signal degradation. 

Figure 2.3 (c) presents a quadrature phase-shift keyed (QPSK) encoding 

scheme. Similar to the BPSK signal, the carrier wave is ÐÈÁÓÅ ÓÈÉÆÔÅÄ ÂÙ ʌ, but with  

an additional signal represented by two points at a ʌȾς ÐÈÁÓÅ offset from the first 

two points, placing it on the quadrature plane. Since two signals have now been 

encoded onto the same carrier wave, the spectral efficiency has doubled, and 

there are now two bits encoded for each symbol generated. By employing even 

more points, the spectral efficiency can continue to be scaled in this manner, 

limited only by the overlap of adjacent points due to noise. In Figures 2.3 (d) and 

(e), Gray coding is employed to equally space out adjacent points and improve 

resilience to noise. These constellations represent 16QAM and 64QAM, 

respectively. 

In addition to the phase and amplitude of a carrier wave, an additional degree 

of modulation freeÄÏÍ ÅØÉÓÔÓ ÉÎ ÔÈÅ ×ÁÖÅȭÓ ÐÏÌÁÒÉÚÁÔÉÏÎȢ $ÕÅ ÔÏ ÔÈÅ ÃÉÒÃÕÌÁÒ ÎÁÔÕÒÅ 

of a fiber optic cable, two orthogonal polarization modes exist which may be 

independently modulated allowing for twice the data on a single wavelength and 

again doubling the spectral efficiency. 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  

Coming back to the transmission system described in Section 2.1, a typical 

implementation of a coherent communication link is presented in Figure 2.4. Here 

the system is capable of supporting dual-polarization quadrature phase-shift 

keyed (DP-QPSK) formats. In the transmitter, the CW laser source is split into an 

X and Y arm representing the two independent polarizations. Each arm splits the 

signal in two again into I and Q components, and data is phase modulated onto 

each component of the cÁÒÒÉÅÒ ×ÁÖÅȢ ! ʌȾς ÐÈÁÓÅ ÓÈÉÆÔ ÉÓ ÉÎÄÕÃÅÄ ÏÎ ÔÈÅ 1 ÓÉÇÎÁÌȟ 

and I 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 DP-QPSK signal. 

 

Figure 2.1. Block diagram of a DP-QPSK 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 their interaction with the crystal  plane. The signal is then mixed 

with a local oscillator tuned close to the wavelength of the incoming carrier, to 

produce an intermediate beat frequency between the two lasers that carries the 

phase data at a frequency low enough to be measured by electronics. 

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

described as 

Ὁ ὖ ὸὩ  

Ὁ ὖ ὸὩ  

where Psignal and PLO ÁÒÅ ÔÈÅ ÁÖÅÒÁÇÅ ÏÐÔÉÃÁÌ ÐÏ×ÅÒȟ ʖsignal ÁÎÄ ʖLO are the 

ÆÒÅÑÕÅÎÃÙ ×ÈÅÒÅ ʖ Ѐ ςʌÆȟ ÁÎÄ הsignal and הLO are the absolute phase of the signal 

and local oscillator waves, respectively. The two fields are mixed in a 90° optical 

hybrid, which produces the output fields 
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The fields are then converted to electrical current in a photodetector given by 

Ὥ ὖד  
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where the conversion is determined by the responsivity ד of the photodiode 

which can be expressed as 

ד
–ή

Ὤ’
–
‗‘ά

ρȢςτ
 

where – is the internal quantum efficiency of the photodiode, q is the electron 

charge, h is 0ÌÁÎÃËȭÓ ÃÏÎÓÔÁÎÔȟ ÁÎÄ ’ is the frequency of the incident wave [30] . The 

second expression in this equation uses the relationship 

‗
ὧ

’
 

to express the responsivity in a form conveniently relating conversion efficiency 

to the wavelength of the incident light. 

By connecting the ends of the photodiodes detecting the I and Q components 

in series, the sum of their photocurrents will cancel out common mode noise 

generated by the local oscillator as well as double the signal amplitude. For a 

balanced photodiode configuration, the received photocurrents are 

Ὥ Ὥ Ὥ ד ὖ ὖ ÃÏÓ‫ ‫ ὸ ‰ ‰  

Ὥ Ὥ Ὥ ד ὖ ὖ ÓÉÎ‫ ‫ ὸ ‰ ‰  

[3]. 

After conversion of the in-phase and quadrature components from an optical 

to electrical signal, the photocurrent may be amplified and converted to voltage 



 

28 

through a trans-impedance amplifier, then sampled to convert from an analog to 

digital format for compatibility with DSP software/hardware . In the work of this 

thesis, the analog-to-digital conversion (ADC) was performed using a Keysight 

Infiniium 90000 -X digital storage oscilloscope (DSO). The oscilloscope is capable 

of digital sampling at rates up to 40 GSA/s and has a 33 GHz analog bandwidth 

and 2.1 mV noise floor [31], which was more than sufficient to meet the 25 Gbaud 

design goal for the coherent receiver. 

2.4 Digital Signal Processing and Kalman Filter 

Carrier Phase Recovery 

Digital signal processing was implemented using Keysight 89601B vector 

signal analysis (VSA) software. Together with the DSO and heterodyne receiver, 

this system functions as an optical modulation analyzer (OMA) capable of 

analyzing optical links carrying advanced high speed digital modulation formats 

as well as characterizing and compensating deleterious effects such as chromatic 

dispersion and polarization mode dispersion (PMD).  
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Figure 2.5. Block diagram of the VSA software-based DSP implemented in the 
OMA [32]. 

A block diagram detailing the implementation of the digital signal processor in 

the OMA is presented in Figure 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 user-defined algorithms to further 

compensate for link imperfections such as carrier phase noise and dispersion. In 

the receiver implementation presented in this dissertation, a Kalman filter-based 

carrier phase recovery algorithm provided in the DSP software [33] was used to 

compensate for the phase noise of the receiverȭÓ local oscillator. Such software-

based approaches to phase tracking have recently become attractive as faster 

electronics (DSPs in particular) have enabled higher sampling rates for real-time 

compensation of higher bitrates.  

A Kalman filter was required for phase recovery in the optical receiver due 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 noise generated due to the flicker noise of both 

the carrier and local oscillator. Using a phase-lock control loop, the phase 

difference between the carrier wave and LO can be tracked through either a 

hardware optical phase-lock 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 feed-forward 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 

  Ὧ   Ὧ
ς“

ὓ

ὓ

ς
Ƕ 

where   Ὧ is the phase component extracted from the signal at sample k, M 

represents the number of constellation points, and Ƕ is chosen such that 
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which assumes the smallest change in    to overcome the M-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 information and then low pass 

filtering  to remove high frequency noise. With the phase noise removed, the 

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 DSP, providing 

additional benefit over an envelope detector that can only measure amplitude.  

The alternative to the Kalman filter approach is a hardware implementation 

of an optical phase-lock loop. Here the phase difference between the two lasers is 

kept constant by 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 this approach was not commonly utilized due 

to the large loop bandwidth and short loop delay required for the control 

electronics, but it has recently been demonstrated in [34] using an integrated 

electronic IC and loop filter with a tunable local oscillator. 

After phase tracking has been employed, the 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 [35]. The VSA 

software performs carrier recovery using an FFT to measure and track the 

absolute phase of the incoming signal which it then uses for clock recovery, 

resampling, equalization, and decoding of the original signal. From here the signal 

may be analyzed in the form of a constellation diagram or error detection when 

using a pseudo-random bit sequence (PRBS); this information may then be used 
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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 case of a simple photodetector, 

the ideal sensitivity is defined by 

ὛὩὲίὭὸὭὺὭὸώρπÌÏÇὭ ÁØ- 28ד ὛὔὙ 

where Ὥ  represents the thermal noise of the photodetector circuit typically 

consisting of the photodiode in sÅÒÉÅÓ ×ÉÔÈ Á υπ ɱ ÌÏÁÄ ÁÎÄ ὛὔὙ is the desired 

signal-to-noise ratio of the recovered signal. For this ideal circuit, the thermal 

noise may be defined as 

Ὥ
τὯὝὄ

Ὑ
 

where Ὧ is the Boltzmann constant, Ὕ is the ambient temperature of the circuit, ὄ 

is the bandwidth of the detector, and Ὑ is the load resistance. If the photodetector 

dark noise is large enough, the detector becomes limited by shot noise, and the 

Ὥ  term is replaced with Ὥ where 

Ὥ ςήὍ ὄ 

given that ή is the charge of an electron and  Ὅ  is 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 non-idealities such as 

coupling waveguide loss and shot noise from the local oscillator. These non-

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 

ὛὩὲίὭὸὭὺὭὸώ Ὠὄά ρπÌÏÇ
Ὥ άὃ

ÁØ- 28ד
άὃ
άὡ

ὔὊ Ὠὄ ὛὔὙ Ὠὄ 

where 28ד -ÁØ accounts for additional losses from coupling, hybrid splitting, and 

waveguide loss in the expression 

ד ד  ‗ ‌ ‌ ‌   

where דPD( )˂ is the responsivity of the photodiode at wavelength ˂ and ɻWG, 

ɻcoupling, and ɻhybrid are dimensionless loss factors expressing excess loss in the 

receiverȭÓ waveguides, fiber coupling, and hybrid, respectively. Thus the 

sensitivity of the receiver is strongly dependent on the wavelength-dependent net 

responsivity, described as 
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The sensitivity required for a given SNR may be found by measuring the noise 

equivalent power (NEP) of the receiver defined as the input power at which the 

signal and noise are equal. The sensitivity may then be defined as 

ὛὩὲίὭὸὭὺὭὸώ Ὠὄά ὔὉὖ‗ Ὠὄά ὛὔὙὨὄ 

With the sensitivity calculated, the resulting noise figure may also be found by the 

relationship 

ὔὊ‗ Ὠὄ ὛὩὲίὭὸὭὺὭὸώὨὄά ρπÌÏÇ
Ὥ άὃ

ÁØ- 28ד
άὃ
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which defines the additional noise due to receiver non-idealities.  

2.6 High Speed RF Photodetector Circuits  Using 

Inductance Peaking  

For high-speed communication systems, the photodiode must be designed to 

effectively convert as much incoming optical power to electrical current as 

possible while simultaneously having a large bandwidth to support high speed 

signals. One way to maximize the RF response of a given semiconductor 

photodiode is by using inductance peaking as demonstrated in [36] to improve 

response time by optimizing the detector circuit with an additional inductive load 

to create a peak in the response of the resulting RLC circuit that pushes out the 

bandwidth. 
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Figure 2.6 . Equivalent circuits of the photodiode. These include (a) the circuit of 
an ideal photodiode connected to a resistive load and (b) non-idealistic 
photodiode circuit including the parasitic pad capacitance and wire bond 
inductance from connecting to the load [36]. 

The bandwidth of the detector is determined by the RC 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 resistive load is 

shown in Figure 2.6 (a). Here the photodiode is represented as an ideal current 

source with current isignal(t)  in parallel with diode capacitance of the depletion 

region Cdiode as well as any capacitance generated from carrier trapping. A series 

resistor Rseries represents resistance in the semiconductor material. 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 

Ὢ  

ρ

ς“ὅ Ὑ Ὑ
 

For a σπØσȢφυ ʈÍ area waveguide )Î'Á!Ó0 ÐÈÏÔÏÄÅÔÅÃÔÏÒ ×ÉÔÈ Á ρȢς ʈÍ ÔÈÉÃË 

depletion region, the approximate diode capacitance is 10 femtoFarad (fF). 
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!ÓÓÕÍÉÎÇ ÁÎ ÁÄÄÉÔÉÏÎÁÌ σπ ɱ ÓÅÒÉÅÓ Òesistance ÁÎÄ υπ ɱ ÌÏÁÄȟ ÔÈÅ ÒÅÓÕÌÔÉÎÇ ÃÕÔÏÆÆ 

frequency of the circuit is 199 GHz. However, one must also take into account the 

transit time response of the photodiode resulting in the relationship 

Ὢ  

Ὢ Ὢ

Ὢ Ὢ
 

From [37] the transit -time-limited bandwidth for a photodetector with a thin 

absorber such that ɻ, << 1 is 

Ὢ  πȢτυ‌’ρ Ὑ  

×ÈÅÒÅ ɻ ÉÓ ÔÈÅ ÁÂÓÏÒÐÔÉÏÎ ÃÏÅÆÆÉÃÉÅÎÔȟ ’ is the carrier velocity, and R is the Fresnel 

reflectivity  of the detector. Thus for an anti-reflective coated InGaAsP quantum 

well absorber using an approximated carrier velocity of ’ = 1.7 x 105 m/s  [38] and 

ÁÂÓÏÒÐÔÉÏÎ ÃÏÅÆÆÉÃÉÅÎÔ ɻЂρππππ ÃÍ-1 [39], the theoretical transit time bandwidth 

is 76.5 GHz and the 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/mm; these 

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

circuit is 

Ὥ ‫
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 and the resulting frequency response is plotted in Figure 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 

ÃÉÒÃÕÉÔȭÓ ÒÅÓÐÏÎÓÅ ÉÓ ÌÉÍÉÔÅÄ ÔÏ ρυπ '(Ú ÆÏÒ Á Ôheoretical cutoff frequency of 50.66 

GHz including the photodiode transit time. A resonance occurs due to interaction 

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

 

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

To compensate for the parasitic elements of the circuit, inductance peaking 

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

varying from 500 pH down to 50 pH. 

 

Figure 2.8 . Photodiode equivalent circuit response with varying wire bond 
inductance. Inductance values vary from 500 pH to 50 pH. Simulation 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 increase again for inductances below 20 nH. At 20 nH, 

the cutoff frequency of the circuit is 278 GHz resulting in a 60 GHz 3 dB response 

including transit  time. As the ideal circuit in Figure 2.6 (a) had a response of only 

55.26 GHz, this results in a 5 GHz improvement from simply optimizing the circuit 

design. From [36], the same equivalent circuit without a parasitic capacitance 

should have an optimal inductance of 
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resulting in an optimal inductance of 32 pH, closely matching the model. To 

achieve this inductance using a 1 mil diameter gold wire, the wire bond would 

need to measure just ςω ʈÍ long between the photodiode pad and transmission 

line. While difficult, this length could be achieved using a custom carrier designed 

for the transmission lines to sit at the same height as the photodetector pads. 

2.7 All -Optical Switching Node  

Building upon the static link presented in Section 2.1, an updated 

communication link featuring a switch node is presented in Figure 2.9. Here an 

all-optical switch is utilized to re-route incoming data to the desired destination. 

An optical wavelength (frequency) demultiplexer is used to split out the incoming 

wavelengths that are then fed into individual channels of the switch. Each input 

may be individually configured to route the signal 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 all-optical switching node for a WDM 
communication link. 

Several attractive functions may be implemented by an all-optical switch 

depending on the architecture used. Add-drop multiplexing , for example, allows 

the switch to add new data to an existing data stream while dropping off others. 

An add-drop multiplexing  scheme using an all-optical switch is presented in 

Figure 2.10. In this configuration, the switch has several input ports dedicated to 

adding and several output ports dedicated to dropping. This functionality is 

particularly useful for transmitting/receiving data in fiber op tic ring networks 

where there are several endpoints along a circular path. 
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Figure 2.10. Block diagram of an all-optical switch used in an optical add-drop 
multiplexer configuration. 

For larger networks with more connection points, it is useful for the switch 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 all-optical switches are clock 

recovery/re -timing, re-amplifying, and re-shaping [17]; these are illustrated  in 

Figure 2.11. The re-timing function is typically performed by feeding the incoming 

signal into a mode-lock laser with a similar pulse length to the original signal. This 

provides feedback that caÕÓÅÓ ÔÈÅ ÌÁÓÅÒȭÓ ÐÕÌÓÅ ÔÏ ÓÙÎÃÈÒÏÎÉÚÅ ×ÉÔÈ ÔÈÅ ÔÉÍÉÎÇ ÏÆ 

the incoming signal. The resulting pulse train is used in conjunction with the 

original signal to gate an amplifier, recreating the original signal [17]. 
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Figure 2.11. Plots of several optical pulses representing various stages of 3R 
regeneration including (a) a degraded signal, (b) re-amplification, (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 re-shaping function goes one 

step beyond re-amplification by generating a new signal that removes the additive 

ASE noise inherent in re-amplification; this functionality is typically implemented 

through optical nonlinearities used to convert the incoming signal to a new 

wavelength. Because several of the nonlinear processes allow wavelength 

switching, the conversion process may also be used as a switching function [17]. 

2.8 SOA Wavelength Conversion  

 There are several nonlinear processes which may be used to perform all-

optical switching, including cross-gain modulation, cross-phase modulation, and 

four-wave mixing [17]. As these nonlinearities occur at large optical intensities, 

an amplifier such as an SOA or EDFA is typically required. SOA-based wavelength 

converters are typically preferred for optical switching due several advantages 
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over EDFAs in the area of integration, including size, power consumption, and 

scalability.  

 In cross-gain modulation (XGM), an incoming signal is used to deplete carriers 

in an optical amplifier, as shown in Figure 2.12 (a). When a continuous 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 have been utilized to enable switching beyond 100 Gbps [17]. 

 

Figure 2.12. Several wavelength conversion schemes based on nonlinear optical 
processes, including (a) cross-gain modulation, (b) cross-phase modulation, and 
(c) differential cross-phase modulation. 
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 In cross-phase modulation (XPM), a large optical intensity is used to induce 

an index shift in a waveguide caused by the optical Kerr effect. This phase shift 

may be used to modulate a CW wave passed through the waveguide [17]. By 

introducing the large optical intensity to only one arm of a Mach-Zehnder 

interferometer as shown in Figure 2.12 (b), the incoming optical signal gates the 

CW signal on that arm, resulting in optical-optical modulation. In this case, the 

bandwidth is limited by the index response of the material to the large optical 

intensities. While these are typically much faster than the gain mechanism used 

in XGM, the large optical intensities required are usually achieved through use of 

SOAs in the interferometer that are once again limited by 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 Figure 2.12 (c) can split the incoming optical signal 

to drive both arms of an inter ferometer in a push-pull configuration allowing for 

much faster operation by setting the delay between the two inputs to achieve the 

desired switch bandwidth. 

2.9 All -Optical Switch  

Building upon the wavelength conversion approaches discussed in the 

previous section, an all-optical switch based on an XPM wavelength converter is 

presented in Figure 2.13. In this configuration, a tunable laser is used to 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 routed to any desired output 

based on its wavelength, and output multiplexing  may also be performed as all 

signals routed to individual outputs are combined in the filter. In this approach to 

all-optical switching, most of the system complexity is tied up in the wavelength 

converter that performs the routing function by selecting the new wavelength. As 

all of these components may be monolithically integrated, this makes it a suitable 

candidate technology for monolithic integration of an all-optical switch. 

 

Figure 2.13. Diagram of a WDM all-optical switch based on an array of 
wavelength converters with a downstream wavelength 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 and the 

operation behind a coherent receiver was described. After this an all-optical 

switching node was described and different operating configurations were 
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detailed. Finally, several forms of nonlinear optical processes were discussed for 

use in a wavelength converter all-optical switch, and the architecture for an all-

optical switch based on such mechanisms was laid out.  With the design of the 

receiver and router complete, Chapters 3 and 4 will continue by discussing the 

building block components required for implementation of a monolithic tunable 

coherent receiver and all-optical switch.  
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Chapter 3 

Design of a Monolithically 

Integrated Coherent Receiver  

3.1 Monolithically Integrated Coherent Receiver  

Requirements  

There are several attributes necessary for the functionality of a monolithically 

integrated coherent receiver. These break down into three broad performance 

categories: optical gain, propagation loss, and response time. The tunable 

coherent receiver consists of 5 overall functional blocks that were briefly outlined 

in Chapter 2: an SG-DBR laser local oscillator (LO), amplifier SOAs, photodiodes, 

90° optical hybrids, and interconnecting waveguides and splitters that are 

summarized in Figure 3.1. For the SG-DBR laser, optical gain is necessary to allow 

for stimulated emission of photons as well as efficient electrical pumping to 

facilitate current injection into the gain material, large optical confinement to 

make more effective use of available gain, and high index tuning efficiency for 

efficient mirr or operation. In the on-chip amplifiers, optical gain is required as 

well as large optical confinement for more effective amplification of small signals. 

The photodiodes require an absorption region designed for both minimal carrier 
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transit time and a small RC constant to avoid limiting RF performance of the 

circuit response. It is also beneficial to have a high absorption coefficient for 

reduced diode area. 

 

Figure  3.1. Chart summarizing monolithically integrated coherent receiver 
functional blocks and operating requirements separated by the categories of gain, 
high speed, and low loss. 

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

incoming signal to be received without significant attenuation as well as high 

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

and strong optical confinement for compact PIC layout. For the splitters and 

waveguides, both low loss and strong optical guiding are beneficial for seamless 

connection of interacting components.  
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3.2 Monolithically Integrated Coherent Receiver 

Components 

Recalling the overall requirements for coherent receiver from Section 1.2.1, 

the coherent receiver should have minimal LO linewidth , maximum wavelength 

stability , minimal loss (particularly th rough the 90° optical hybrid), high 

responsivity, minimal photodiode response time, and a 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 that have been demonstrated in 

monolithic receivers are those based on 2x4 multi-mode interferometers (MMI) 

[40] and 2x2 3-dB coupler arrays [41]. Schematic diagrams of the two approaches 

are presented in Figure 3.2. Each hybrid operates by splitting the input data and 

LO signals and mixing them together through a series of mixing stages. In the 

process, one half of the LO signal is phase shifted 90° to the quadrature point while 

the other is left in-phase; each of these is mixed with the incoming signal to 

recover the quadrature and in-phase components of the data. 
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Figure 3.2. Diagrams of two implementations of an integrated 90° optical hybrid: 
(a) a 2x2 MMI-based design [41]  and (b) a 4x4 MMI-based design [40]. 

Several design parameters for the hybrid are listed in Table 3.1. For minimal 

overhead in the DSP equalization step, the hybrid outputs should be balanced, as 

any residual imbalance can skew the received signal and cause an increase in 

detection errors. The phase of the quadrature outputs must be close to 90° to 

avoid ambiguity in the adjacent phase decision points that can also cause an 

increase in detection errors. To avoid signal jitter and feedback to the LO, the 

hybrid must also have minimal back reflections, and low excess loss facilitates 

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

Design Attribute  Goal 

Output Imbalance  < 1 dB 

Quadrature Phase  90 ± 1° 

Back Reflection  < -40 dBm  

Excess Loss < 1 dB 

Wavelength Range > 100 nm 

 

The hybrid  design of Figure 3.2 (a) was ultimately chosen as phase shifters 

may be placed on the routing arms to enable active tuning of the quadrature point, 

greatly increasing resilience to fabrication errors. A diagram of the MMI with 

including critical  dimensions is presented in Figure 3.3. The MMIs were designed 

for a broad range of operation from 1500-1600 nm to ensure good performance 

over the full C-band.  

 

Figure 3.3 . Schematic diagram of the MMI used in the 90° optical hybrid.  

4ÈÅ --)ȭÓ design was simulated and verified using commercial FIMMWAVE 

mode solving software. Simulation covered the splitting of a TE0 mode input into 

the upper arm of the MMI over the wavelength range from 1500 to 1600 nm. 
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Simulation results showing the mode evolution through the multi-mode section 

at 1525, 1550, and 1565 nm are presented in Figure 3.4.  Excess loss and output 

imbalance measured at output ports 1 and 2 are plotted in Figure 3.5 from 1500 

to 1600 nm. Back reflected power to input port 1 was not plotted and remained 

below -60 dBm across all wavelengths. 

 

Figure 3.4. Simulated propagation of a TE0 mode through the MMI from input 
port 1 into output ports 1 and 2 at (a) 1525 nm, (b) 1550 nm, and (c) 1565 nm. 
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Simulation performed with FIMMWAVE mode solver software using the film 
mode matching (FMM) method.  

 

Figure 3.5. Simulated total excess loss of a TE0 mode propagated from input port 
1 to output ports 1 and 2 as well as imbalance between output ports 1 and 2 
plotted versus wavelength. Simulation performed with FIMMWAVE mode 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 back reflections and 

crosstalk of the two waveguides, incidence angle was simulated in [42] using 

beam propagation method and found that incidence angles above 25° result in 

negligible reflections and crosstalk. 
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3.2.2 Local Oscillator  

 The local oscillator consists of an SG-DBR laser based on the design from [43]. 

A schematic diagram is presented in Figure 3.6. The laser consists of two grating 

mirrors with offset sampling periods resulting in two complementary comb filters 

that may be index shifted through current injection allowing for the comb peaks 

to be tuned across several nanometers. When properly designed, the two filters  

use the Vernier effect to select a wide range of outputs and greatly increase the 

available tuning range of the device. 

 

Figure 3.6 . Schematic diagram of the SG-DBR 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 SG-DBR laser design of this 

dissertation, parameters were based off of previous work from [44]. First, the 

grating period is defined to center both comb filters at 1540 nm to match the gain 

ÐÅÁË ÏÆ ÔÈÅ ÍÁÔÅÒÉÁÌȢ  &ÏÒ Á ÇÒÁÔÉÎÇ ÐÅÒÉÏÄ ɤȟ ÔÈÅ ÒÅÓÕÌÔÉÎÇ "ÒÁÇÇ ×ÁÖÅÌÅÎÇÔÈ ʇB is 

  ςὲ  

For a waveguide index of n = 3.26, the grating period required for a peak reflection 

at 1540 nm is 236 nm. Next the sampling period Z0 of the gratings must be chosen 
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to set the peak spacing of the combs. For continuous tuning, the peak spacing for 

each mirror must be less than the total tuning range of the mirror  based on the 

index tuning efficiency of the material. For a ρȢτ ʈÍ ÂÁÎÄÇÁÐ waveguide, the 

maximum measured tuning range is 7 nm [44]. Using a conservative 3.6 ˃m 

maximum spacing, the front mirror  was designed to have a 3.55 nm peak spacing 

requiring Z0 Ѐ ωπȢψ ʈÍ and the back mirror was designed for a 3.24 nm peak 

spacing requiring Z0 Ѐ ωωȢφ ʈÍȢ 4ÈÅ ÓÁÍÐÌÉÎÇ ×ÉÄÔÈ :1 of the gratings and number 

of grating bursts N adjusts the reflection strength of the mirrors; the values Z1 = 

σȢφ ʈÍ . Ѐ φ ÆÏÒ ÔÈÅ ÆÒÏÎÔ ÍÉÒÒÏÒ ÁÎÄ :1 Ѐ φ ʈÍ . Ѐ ρπ ÆÏÒ ÔÈÅ ÂÁÃË ÍÉÒÒÏÒ were 

chosen resulting in reflectivity spectrums plotted in Figure 3.8. Total theoretical 

tuning range of the two comb filters may be determined by 

ʇRMS = 
Ў Ў

Ў Ў
 

[45] ×ÈÅÒÅ ʇRMS is the repeat mode spacing. Thus the theoretical lasing range is 

37.1 nm. 
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Figure 3.7 . Illustration of the design parameters of the sampled mirror gratings 
in the tunable laser [43]. 

 

Figure 3.8 . Simulated reflectivity of the front and back mirror of the SG-DBR laser 
versus wavelength. The red and black traces indicates the back and front mirror 
reflectivities. Respectively. Simulation code written by Michael Belt and 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 bandgap. For an in-plane waveguide photodiode such as the 

one used in this work the quantum efficiency may be described as  

–  ‖ρ Ὑ
ῲ‌

‌
ρ Ὡ  

where R is the reflection at the photodetector interface, ʆ is the coupling efficiency 

due to modal mismatch, ɜ is the confinement factor of the mode within the 

absorption layer, ɻIB is the inter-band absorption, and ɻ is the loss coefficient [46].  

The loss coefficient may be described as 

‌ ῲ‌ ῲ‌ ρ ῲ‌ ‌ 

with ɻFC defining the free carrier absorption loss inside the absorption layer, ɻFCx 

defining the free carrier absorption outside the absorption layer, and ɻs defining 

ÔÈÅ ×ÁÖÅÇÕÉÄÅȭÓ ÓÃÁÔÔÅÒÉÎÇ ÌÏÓÓȢ )Æ ɜɻIB is much greater than ɻFC, ɻFCx, and ɻs, the 

quantum efficiency reduces to 

–  ‖ρ Ὑ ρ Ὡ  

[46]. For an offset quantum well waveguide structure, the confinement factor of 

the mode within the quantum wells is 5.4% [44], and for an approximate 8500 

cm-1 inter -band absorptionȟ Á σπ ʈÍ ÌÏÎÇ ÐÈÏÔÏÄÉÏÄÅ ×ÉÌÌ ÁÂÓÏÒÂ χυϷ ÏÆ ÔÈÅ 

ÉÎÃÏÍÉÎÇ ÌÉÇÈÔȟ ÁÎÄ Á φπ ʈÍ ÌÏÎÇ ÐÈÏÔÏÄÉÏÄÅ ×ÉÌÌ ÁÂÓÏÒÂ ωτϷȢ  

To minimize capacitance, photodiode electrical pads were designed to have a 

60 m˃ diameter, the minimum for practical wire bonding. Using a thick low-K 

dielectric such as BCB the theoretical pad capacitance may be greatly reduced, and 
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a dielectric thickness greater than 7 ˃ m should result in roughly 10 fF of 

theoretical capacitance which closely matches the 20 fF theoretical capacitance of 

a 30x3.65 ˃ m InGaAsP photodiode with a 1.2 ˃ m depletion region. By keeping the 

wire bond lengths shorter 500 m˃, the resulting photodiode circuit should be 

capable of greater than 30 GHz bandwidth, 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 independently of ÁÎ ÉÎÃÏÍÉÎÇ ×ÁÖÅȭÓ polarization state by 

re-aligning incoming signals to the desired polarization, eliminating the need for 

active tracking and adjustment. 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 . Block diagrams of (a) polarization diversity and (b) polarization 
demultiplexing circuits. 

Block diagrams of polarization diversity and polarization demultiplexing 

circuits are presented in Figure 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 90° to 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 signal into TE and TM components 

through a polarization beam splitter and the TM component is then rotated 90° to 

a TE orientation. Unlike in the polarization diversity configuration, each 
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component is then independently down-mixed and detected resulting in data 

reception on both polarizations. 

Several structures have been proposed and demonstrated for integrated 

polarization demultiplexing on silicon; these have been summarized in [48] 

including MMIs, directional couplers, MZIs, photonic crystals, AWGs, and micro-

ring resonators. On indium phosphide, polarization splitter implementations have 

been limited to metal-clad and modal birefringence directional couplers [49-51], 

metal-clad waveguide MZIs [52], asymmetrical waveguide directional couplers 

[53, 54], and quasi-state imaging effect in MMIs [55]. Of all these designs, the 

asymmetrical directional coupler design from [54] was chosen for its ease of 

integration, requiring no additional processing steps and only topographical 

waveguide redesign for compatibility with other components. 

An asymmetrical directional coupler based on that from [54] is presented in 

Figure 3.10 with  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 a wider  adjacent waveguide while preventing 

the other polarization from coupling due to beta mismatch. Another waveguide 

on the other side of the center waveguide transition s the coupled wave back to a 

low order mode. 
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Figure 3.10 . Schematic diagram of an asymmetrical directional coupler used for 
polarization splitting with relevant design parameters [54]. 

4ÈÅ ÄÉÒÅÃÔÉÏÎÁÌ ÃÏÕÐÌÅÒȭÓ ÐÅÒÆÏÒÍÁÎÃÅ ×ÁÓ ÓÉÍÕÌÁÔÅÄ ÕÓÉÎÇ ÃÏÍÍÅÒÃÉÁÌ 

FIMMWAVE mode solving software and covered the coupling of the TE0 and TM0 

modes over a wavelength range from 1500 to 1600 nm. Simulated mode evolution 

propagating through the multi-mode section at 1525, 1550, and 1565 nm are 

presented in Figure 3.11.  Simulated insertion loss of the TM0 mode was plotted 

in Figure 3.12 from 1500 to 1600 nm showing useful operating range of roughly 

65 nm from 1500 to 1560 nm; insertion loss for the TE0 mode remained above 0.3 

dB over the simulated wavelength range and was not plotted. 
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Figure 3.11 . Simulated propagation of TE0 (left) and TM0 (right) modes through 
the polarization splitter of Figure 3.10 at (a) 1525 nm, (b) 1550 nm, and (c) 1565 
nm. Simulation performed with FIMMWAVE mode solver software using the film 
mode matching (FMM) method. 

 

Figure 3.12. Simulated insertion loss of a TM0 mode passed through the 
polarization splitter  of Figure 3.10. Simulation performed with FIMMWAVE mode 
solver software using the film mode matching (FMM) method.  
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After splitting , the TM mode must be converted to TE for improved receiver 

sensitivity in a polarization diversity scheme and for 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 ɝn between two orthogonal 

components of a propagating mode. After length Lʌ, the two components of the 

wave will be shifted 180° out of phase with each other, resulting in a 90° 

polarization shift. The propagation length required to produce a 180° phase shift 

may be described as 

ὒ
“

‍ ‍
 

[56, 57] where ɼ0 ÁÎÄ ɼ1 are the propagation constants of the orthogonal 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 [56]. An offset in the propagation constants of 
the x- and y- crystal planes induces a phase shift in the propagating wave 
converting its optical mode from a TM to TE orientation. 

Several examples of on-chip polarization rotators have been demonstrated 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 

presented in Figure 3.14 based on that in [56] . The rotators use an asymmetry in 

ÔÈÅ ×ÁÖÅÇÕÉÄÅȭÓ ÓÔÒÕÃÔÕÒÅ ÔÏ ÉÎÔÒÏÄÕce birefringence to the linearly polarized 

electromagnetic field. The birefringence produces a phase shift in the 

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

y- ÃÏÍÐÏÎÅÎÔÓ ÏÆ ÔÈÅ ÆÉÅÌÄ ×ÉÔÈ ÒÅÓÐÅÃÔ ÔÏ ÔÈÅ ÁÓÙÍÍÅÔÒÙȭÓ Ðlane. After a certain 



 

65 

propagation length, the electromagnetic field will be oriented 90° out of phase 

from its original orientation . 

 

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

A simulated mode evolution in the waveguide polarization rotator of Figure 

3.14 (a) is presented in Figure 3.15 showing the top-down view of a waveguide 

utilizing a slanted sidewall to rotate the propagating mode with  left and right 

images representing the TM and TE components of the electrical field, 

respectively. As the TM-polarized incident wave propagates through the rotator, 

the mode is converted to TE. Simulated excess loss of the TM-TE rotation is 

presented in Figure 3.16. To create a strong index difference, a strip waveguide 

geometry is required for stronger index contrast between the InP and air cladding. 

The width of the waveguide must also be minimized to maximize increase mode 

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

length for a 90° polarization shift was ρπυ ʈÍȢ 

 
Figure 3.15. Simulated mode evolution of a TM0 mode propagating through the 
polarization rotator design from Figure 3.14 (a) at (a) 1525 nm, (b) 1550 nm, and 
(c) 1565 nm. The images show top-down views of the TM and TE components on 
the left and right, respectively. Simulation performed with FIMMWAVE mode 
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solver software using the film mode matching (FMM) method. 

 

Figure 3.16. Simulated excess loss of a TM0 mode converted to the TE0 orientation  
through the polarization rotator design from Figure 3.14 (a). Simulation 
performed with FIMMWAVE mode solver software using the film mode matching 
(FMM) method.  

Simulated mode evolution of a TM0 mode propagated through the polarization 

rotator design from Figure 3.14 (b) is presented in Figure 3.17, and excess loss is 

plotted in Figure 3.18 over various wavelengths from 1500 to 1600 nm. For this 

design, a width of ρ ʈÍ ÉÎÔÒÏÄÕÃÅÄ ÔÈÅ ÏÐÔÉÍÁÌ ÔÒÁÄÅ-off between interaction 

between the x- and y- components of the field and excess loss in the rotator, and 

tÈÅ ÐÒÏÐÁÇÁÔÉÏÎ ÌÅÎÇÔÈ ÆÏÒ Á ωπЈ ÐÏÌÁÒÉÚÁÔÉÏÎ ÓÈÉÆÔ ×ÁÓ φππ ʈÍȢ 
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Figure 3.17 . Simulated mode evolution of a TM0 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 show top-down the TM and TE components on the left 
and right, respectively. Simulation performed with FIMMWAVE mode solver 
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software using the film mode matching (FMM) method.

  

Figure 3.18 . Simulated excess loss of a TM0 mode converted to the TE0 orientation 
through the polarization rotator design from Figure 3.14 (b). Simulation 
performed with FIMMWAVE mode solver software using 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, photodiodes, 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 all-optical 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 consists of 6 

overall functional blocks: an SG-DBR laser switchable wavelength source, linear 

and nonlinear semiconductor optical amplifiers, arrayed waveguide grating 

router, delay line, and interconnecting waveguides and splitters. Figure 4.1 

summarizes their necessary characteristics sorted by broad category.  For the SG-

DBR laser, optical gain is necessary to allow for stimulated emission of photons as 

well as efficient electrical pumping to facilitate current injection into the gain 

material. Large optical confinement is also desired for more efficient use of the 
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available gain in the laser, and high index tuning efficiency is 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 require 

large optical confinement to facilitate gain saturation which serves as the 

mechanism for wavelength conversion.  

 

Figure 4.1. Summary of the components for a monolithic tunable optical router 
and each of their required attributes organized by 2 broad categories: 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. The splitters, waveguides, 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 trade-off 

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 optical router 

have been defined, the individual components required for operation may be 

described. These are the SOA-based optical-optical Mach-Zehnder modulator, 

pump source laser, and AWGR. 

4.2.1 Mach-Zehnder Modulator  

The primary component in the tunable optical router is the Mach-Zehnder 

ÍÏÄÕÌÁÔÏÒ ɉ-:-ɊȢ ! ÄÉÁÇÒÁÍ ÏÆ ÔÈÅ ÍÏÄÕÌÁÔÏÒȭÓ ÏÐÅÒÁÔÉÏÎ ÉÓ ÐÒÅsented in Figure 

4.2 consisting of a Mach-Zehnder interferometer with SOAs on each arm. In static 

operation, a CW pump source is split into two equal signals in a 1x2 MMI. Each 

signal is then passed through an SOA amplifying the signal. A ʌ ÐÈÁÓÅ ÓÈÉÆÔ ÉÓ 

introduced to the upper arm, and the signals are recombined in a 2x1 MMI causing 

deconstructive interference to cancel out the signal, dissipating its power into the 

ÓÕÂÓÔÒÁÔÅȢ )Î ÔÈÉÓ ÓÔÁÔÅȟ ÔÈÅ ÏÕÔÐÕÔ ÏÆ ÔÈÅ -:- ÉÓ ÉÎ ÔÈÅ ȬÏÆÆȭ ÃÏÎÄÉÔÉÏÎ. 
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Figure 4.2. Block diagram of the optical-optical 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 a change in the carrier density within the waveguide of the SOA and 

induces a phase change through the electro-optic effect. If a large enough signal is 

ÉÎÐÕÔ ÉÎÔÏ ÔÈÅ 3/!ȟ Á ÆÕÌÌ ʌ ÐÈÁÓÅ ÓÈÉÆÔ may be induced in the upper arm allowing 

the pump signal to constructively recombine in the output MMI, putting the MZM 

ÉÎÔÏ ÔÈÅ ȬÏÎȭ ÃÏÎÄÉÔÉÏÎ ÒÅÓÕÌÔÉÎÇ ÉÎ optical-optical modulation. 

The speed of the modulator is limited by the gain recovery time. a measure of 

the length of time for the pump output power to respond after the input signal has 

been switched from on to off. 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 by the fundamental carrier generation process. Simply put, if 

more gain is produced from a given current density, a larger swing in the pump 

signal may be produced resulting in a faster transition time. It is therefore 

beneficial to have large optical confinement in the SOAs used for the wavelength 
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conversion process to maximize mode overlap with the gain material and produce 

more gain. 

To overcome the fundamental limitations of gain recovery time, a push-pull 

configuration may also be implemented where part of the input signal is split off, 

delayed, and then fed to the lower arm of the MZM. This causes the pump signal 

in the lower arm to match the optical power of the upper arm after a delay causing 

ÄÅÓÔÒÕÃÔÉÖÅ ÉÎÔÅÒÆÅÒÅÎÃÅ ÉÎ ÔÈÅ ÏÕÔÐÕÔ ÁÎÄ ȬÐÕÌÌÉÎÇ ÄÏ×Îȭ ÔÈÅ ÏÕÔÐÕÔ ÓÔÁÔÅ ÆÒÏÍ ÏÎ 

to off much faster than possible with a single-ended configuration. By choosing a 

delay length 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 required to choose the pump wavelength determining the 

output of the MZM switch. Similar to the laser used in the coherent receiver, the 

source in the tunable optical router requires a wide wavelength range to facilitate 

an equally large array of selectable outputs. Since the laser must also be 

monolithically integrated onto the switch, an SG-DBR design was chosen as it 

allows for a wide tuning range while integrating all components on-chip. The 

same design described in Section 3.2.2 was used in the router. 

There are a few requirements that differ from that of the coherent receiver 

implementation. SiÎÃÅ ÔÈÅ ÒÏÕÔÅÒȭÓ ÓÉÇÎÁÌÓ ÁÒÅ ÎÏÔ ÃÏÈÅÒÅÎÔȟ ÔÈÅ ÐÈÁÓÅ ÎÏÉÓÅ ÉÓ ÎÏÔ 
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a critical aspect of the laser, but instead the switching speed of the laser is critical 

to the performance of the switch. For this application, electro-optically tuned SG-

DBR mirrors are superior to thermo-optic solutions as the switching time is much 

faster. For an electrically pumped SG-DBR laser, the time to switch between 

supermodes is typically 10-15 ns [60], while that for a thermally tuned mirror is 

slightly ÌÅÓÓ ÔÈÁÎ σππ ʈÓ ɍ61]. Laser stability is also important as it must remain 

within a narrow passband in the AWGR for proper routing and minimal channel 

cross-talk. 

 

4.2.3 Arrayed Waveguide Grating Router (AWGR)  

The final piece of the all-optical switch is the wavelength-selective router 

based upon an arrayed waveguide grating router (AWGR) or phased-array 

(PHASAR) structure such as that from [62]. Figure 4.3 presents a diagram 

ÄÅÓÃÒÉÂÉÎÇ ÔÈÅ !7'2ȭÓ ÏÐÅÒÁÔÉÏÎȢ 
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Figure 4.3. Illustration of an arrayed waveguide grating router [62] . 

 4ÈÅ !7'2ȭÓ ÄÅÓÉÇÎ ÁÎÄ ÄÅÒÉÖÁÔÉÏÎ ÏÆ ÐÁÒÁÍÅÔÅÒÓ ÆÏÌÌÏ×Ó ÔÈÁÔ ÄÅÓÃÒÉÂÅÄ ÉÎ 

[62]. The AWGR consists of two star couplers and an array of waveguides between 

them with varying lengths ȹL. 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 

ÏÆ ÔÈÅ ÓÔÁÒ ÃÏÕÐÌÅÒȭÓ ÏÕÔÐÕÔ ×ÁÖÅÇÕÉÄÅÓȢ %ÁÃÈ ÉÍÁÇÅ ÉÓ ÔÈÅÎ ÐÒÏÐÁÇÁÔÅÄ ÔÈÒÏÕÇÈ 

the arrayed waveguides with path lengths varying from ȹL to m·ȹL where m is 

the number of waveguides in the array and ȹL is specified for a center wavelength 

ʇc by 

ῳὒ
ά‗

ὔ
 

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

wavelength ʇc will cause constructive interference in the output star coupler at 
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the mirror -image output port while other wavelengths will cause the constructive 

interference pattern to shift to adjacent output ports, thus producing the 

wavelength routing functionality. To avoid dropping signals beyond the outer 

output ports, the AWGR has a repeating free spectral range described by 

ὊὛὙ
ὧ

ὔάῳὒ
άῳὪ  

where c is 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 expressed as 

Ὑ
ὔ ὨὨὔ

‗
 

where Nstar is the effective index in the star coupler and dr 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 be optimized as given by 

ὔ
ς—Ὑ

Ὠ
ρ 

where ʃa is the aperture width. As the aperture width is typically 2-3x the width 

of a Gaussian far-field ʃ0 according to [63], this can be approximated by 
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as described in [62] where wwg is the width of the input waveguide and V is the V-

parameter, an empirically determined fitting term to estimate the effective width 

of the waveguide [62]. 

4.3 Chapter Summary  

In this chapter, overall design of several building blocks required for an all-

optical switch were discussed. Theory for building blocks including the Mach-

Zehnder modulator, tunable pump laser, and AWGR was described and critical 

design parameters for the components were derived. With the theoretical design 

of both the coherent receiver and all-optical 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 meet the monolithic design goal of the coherent receiver and all-optical 

switch, selection of a suitable integration platform was required to fulfill all 

integration requirements. Several integration platform technologies and their 

advantages and disadvantages are presented in Figure 5.1, including indium 

phosphide PICs [26] , silicon photonics [28] , glass silica planar lightwave circuits 

(PLCs) [64, 65], and hybrid III-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 available gain performance by far but also has higher loss due 

to high doping for efficient current injection [66]. Glass silica PLCs demonstrate 

the lowest propagation loss [64], enabling high performance passive components 

such as AWGRs and optical hybrids, but cannot be electrically pumped for gain 
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due to the insulating nature of the silica waveguide. Recent work, however, has 

demonstrated gain through the use of erbium-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 components, but as an indirect bandgap material, native gain on silicon 

has been difficult to realize. To address this, recent work has been done to bond 

III -V material onto high performance silicon photonic circuits allowing for 

evanescent coupling to the active material and leveraging the best of both III-V 

and silicon systems [67, 68]. Although promising, this platform is relatively new. 

Of all the platforms, silicon and silica are the most mature, as they are able to 

leverage existing technology from the silicon electronics industry to enable both 

commercial products and robust foundry services, while indium phosphide has a 

maturity in between the two, having commercial devices available and a nascent 

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

Based on the state 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 on-chip lasers and amplifiers critical to the performance of both 

devices while still allowing for high speed photodiodes and modulators. Several 

integration strategies have been explored 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 been focused upon at UCSB are offset quantum well (OQW) and 

quantum well intermixing (QWI) described in [66]. The offset quantum well 

approach benefits from a relatively simple fabrication scheme as the quantum 
























































































































































































































