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ABSTRACT

The rapid growth of arti�cial intelligence, machine learning, cloud computing, and
the Internet of Things has dramatically increased global internet tra�c, driving an
unprecedented demand for computing resources. As data centers scale to accommodate
this surge, their energy consumption has become a pressing concern, necessitating the
development of e�ciency solutions across various aspects of their design, construction, and
implementation. Geometrically optimized constellations of Stokes Vector Modulation (SVM)
and Mode Vector Modulation (MVM) are encouraging energy-e�cient advanced modulation
formats suitable for data centers, o�ering trade-o�s between spectral e�ciency and energy
consumption under various optical link constraints.

At present, being largely theoretical, research into practical realizations of these
constellations, due in part to their challenging symmetries, combined with their performance
under real-world transmission e�ects such as modal dispersion and intermodal crosstalk,
has remained limited. This thesis, which aims to address these questions, �nds that
with adequate optimization frameworks such as steepest ascent, �ne-tuning of Mach-
Zehnder Modulator driving voltages can signi�cantly enhance the constellation symmetry
of SVM and MVM, leading to the �rst experimental realization of the theoretically ideal
four-point SVM simplex en route toward the generation of SVM/MVM constellations
exhibiting higher cardinalities. Additionally, numerical simulations of (6,64)-MVM under
realistic transmission conditions reveal that, despite severe impairment, when combined
with adequate optical compensation techniques and digital signal processing, MVM exhibits
substantial gains in terms of receiver sensitivity compared to conventional 4-PAM, achieving
an aggregate bit rate of up to 672 Gbps when transmitted over three spatial lanes.
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INTRODUCTION

Overview of Intra-Data Center Networks

Data centers form the backbone of modern digital infrastructure, supporting applications

such as cloud computing, arti�cial intelligence (AI), machine learning (ML), and large-scale

data analytics. These facilities house thousands to millions of interconnected servers that

exchange vast amounts of data. The internal network, known as the Intra-Data Center

Network (DCN), is crucial for ensuring e�cient, high-speed communication among switching

nodes, storage units, and computing resources.

Intra-DCNs must meet high bandwidth demands, low-latency requirements, and

energy e�ciency constraints. They utilize various network topologies, including fat-tree,

Clos, mesh, torus, and dragon
y architectures, to optimize performance and scalability

[29, 38]. The growing need for faster data processing and reduced latency has driven

signi�cant advancements in networking technologies, particularly through high-speed optical

communication solutions.

Since the late 1990s and continuing into the 2010s, silicon-based technology has played

a key role in advancing data center infrastructure, enabling high-speed, high-performance

computing (HPC) essential for AI- and ML-driven workloads. However, after the 2010s, the

exponential growth of HPC computational speed, as measured by the LINPACK benchmark,

began to plateau. To address increasing workload demands, the production of integrated

circuits has increased hardware parallelization, pushing transistor footprint constraints and

increasing DCN power consumption [29]. This has also led to challenges related to high

power densities and chip aging [30, 32]. Since 2011, Google's aggregate energy consumption

has grown exponentially, surpassing 25.9 terawatt-hours in 2023 [31].
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As AI and ML drive unprecedented data demands, innovations within Intra-DCNs

are essential not only for meeting data capacity requirements but also for addressing

the increasingly unsustainable energy consumption trends. Strategies such as redesigning

switching layers and implementing liquid cooling can help reduce DCN energy impact [10, 29];

however, the choice of modulation format also plays a critical role in determining both the

data-carrying capacity and energy e�ciency of the network.

Modulation Format Considerationsfor Intra-DCNs

A modulation format encodes digital data (bits) onto an optical carrier signal for transmission

by modulating the amplitude, phase, or polarization of laser light. The choice of

modulation format directly impacts key performance metrics, including data rate, spectral

e�ciency, power consumption, and transmission reach. As Intra-DCNs face increasing

capacity demands, selecting an optimal modulation format becomes essential for balancing

performance, e�ciency, and cost-e�ectiveness.

Traditional modulation formats, such as Non-Return-to-Zero On-O� Keying (NRZ-

OOK), have long served as the foundation of optical communication systems. OOK, a form

of intensity modulation, represents binary data by toggling the presence or absence of light

at the receiver, enabling direct detection with a single photodiode. While simple and widely

used in short-haul optical networks (� 100 m { 10 km) due to its ease of implementation

[11], OOK su�ers from poor spectral e�ciency. Since it only utilizes two symbol states|on

or o�|its bandwidth requirements increase signi�cantly at higher data rates compared to

more spectrally-e�cient modulation formats.

Spectrally-e�cient formats manipulate amplitude levels, polarization states, phase, or

a combination of these properties. These approaches enable multi-symbol constellations

with M = 2 k states, where each state representsk bits of information. Modern Intra-

DCNs primarily use M -ary Pulse Amplitude Modulation (M -PAM), which divides laser
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amplitude into M levels, each encodingk bits. This format enhances spectral e�ciency

while maintaining compatibility with direct detection using single-photodiode receivers.

Google's data center architecture began evolving in 2010 with �ber lane parallelization

of NRZ-OOK to meet rising aggregate bit rate demands. This transition led to the adoption

of Quad-lane and later Octal-lane Small Form Factor Pluggable (QSFP/OSFP) modules,

implementing 100 Gbps 4-PAM, ultimately achieving aggregate bit rates of up to 800 Gbps

by 2020 (Fig. 1).

Figure 1: Google's DCN optical technology evolution [41].

Future Intra-DCNs will require data rates exceeding 1.6 Tbps to support next-

generation data tra�c. Meeting these demands may involve further parallelization of 4-

PAM technology or the adoption of more advanced, spectrally e�cient modulation formats.

Notable candidates include higher-order PAM formats such as 8-PAM and FlexPAM, as well

as hardware-simpli�ed or DSP-free coherent Quadrature Amplitude Modulation (QAM).

The following sections provide brief descriptions of the aforementioned PAM and

QAM formats, highlighting recent research on optimizing spectral e�ciency and reducing

complexity. While these approaches are promising, they also inherit several inherent

drawbacks from their respective working principles.
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ScalingPulseAmplitude Modulation

8-PAM increases the number of amplitude levels to eight, allowing for higher bits per symbol

than 4-PAM. For example, a study demonstrated a record-setting 402 Gbps 8-PAM intensity

modulated direct detection transmission using a single digital-to-analog converter (DAC) to

drive an O-band electro-absorption modulated laser (EML). The setup achieved a net bit rate

of 348.62 Gbps over 2 km of standard single-mode �ber (SSMF) [14], marking a signi�cant

leap in high-speed data transmission.

However, the use of multi-level PAM formats like 8-PAM introduces sensitivity

challenges. To mitigate these, researchers have explored pre-equalization techniques

employing FIR �lters to compensate for channel distortions. One study optimized linear

pre-equalization for short-reach 225 Gbps 8-PAM systems, showing improvements in bit error

rate (BER) by an order of magnitude after tuning the �lter parameters [36].

In addition to 8-PAM, FlexPAM presents an alternative by using non-standard formats

such as 5-PAM and 6-PAM, o�ering �ner granularity between amplitude levels. This


exibility makes FlexPAM particularly valuable for intra-DCNs, where varying transmission

requirements can bene�t from more adaptable modulation schemes. Experimental results

have demonstrated successful transmission up to 16-PAM at 20 GBd, showcasing the

potential of FlexPAM for high-speed data communication [35].

While both 8-PAM and FlexPAM improve spectral e�ciency, they introduce challenges

related to energy consumption. The closer spacing of amplitude levels in these formats

reduces signal-to-noise ratio (SNR) tolerance, making them less energy-e�cient than 4-PAM.

As seen in Fig. 1, energy consumption increases as the square of the number of constellation

states (M 2), causing signi�cant power consumption penalties asM increases.
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CoherentQuadrature Amplitude Modulation

Coherent QAM is an amplitude and phase-diverse modulation format known for its high

spectral e�ciency and receiver sensitivity. It has traditionally been used in long-haul and

metro optical networks due to its ability to compensate for linear impairments, like chromatic

dispersion (CD), using DSP. While it o�ers superior spectral e�ciency compared to 4-PAM,

making it a promising option for short-reach intra-DCN applications, it also presents several

challenges.

Implementing coherent QAM requires precise control of both the amplitude and phase

components, demanding sophisticated hardware such as a reference local oscillator (LO) for

phase tracking, 90-degree hybrids, balanced photodiodes, and high-speed analog-to-digital

converters (ADCs). Additionally, complex DSP algorithms are needed for carrier recovery,

phase recovery, and polarization control in dual-polarization con�gurations.

Hardware and processing demands make coherent QAM adoption in Intra-DCNs

challenging in terms of cost and energy. Research has focused on simplifying DSP or receiver

hardware. Kramers-Kronig (KK) receivers recover phase information digitally from intensity

measurements, eliminating the need for an LO and 90-degree hybrids [23, 27], but su�er from

reduced LO gain and sensitivity [23]. Other e�orts modify QAM constellation shaping to

enhance phase-noise tolerance, reducing reliance on costly narrow-linewidth lasers [41].

To further simplify the DSP requirements, recent proposals like the coherent-lite

transceiver use a copy of the transmit laser for self-homodyne detection, eliminating the need

for carrier recovery and managing polarization and phase derotation with phase shifters [24].

Despite its superior spectral e�ciency, the complexity, cost, and energy consumption

of coherent QAM pose signi�cant challenges for short-haul Intra-DCNs. While alternative

approaches simplify certain aspects, they often sacri�ce e�ciency or performance. Direct-

detection-based formats, though less resource-intensive, still o�er lower data capacity. As a

result, the practical deployment of QAM in intra-DCNs remains uncertain.
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Motivation for AdvancedModulation Formats

To meet the capacity demands of data centers while curbing the unsustainable trend of

energy consumption, the Optical Communications Group at Montana State University has

explored novel modulation formats as energy-saving alternatives to PAM and QAM for

Intra-DCNs, relying exclusively on polarization-based techniques. Speci�cally, the approach

involves using optimally shaped Stokes Vector Modulation (SVM) constellations, which

utilize pure polarization states, along with its promising extension, Mode Vector Modulation

(MVM), which leverages multiple spatial degrees of freedom simultaneously, allowing multi-

dimensional signal spaces for constellation optimization containing a large number of symbol

statesM , while remaining compatible with direct-detection receivers [19]. This thesis focuses

on the experimental generation and numerical evaluation of these emerging formats, laying

the foundation for realistic evaluations of these constellations, some of which have been

analytically shown to o�er an optimal balance between energy and spectral e�ciency suitable

for Intra-DCN applications.

ThesisOrganization

This thesis is organized as follows: Chapter 2 establishes the theoretical foundations of

SVM and MVM, providing a clear understanding of their operation and principles. Chapter

3 details the experimental setup for generating SVM/MVM constellations. Building on

this, Chapter 4 presents the �rst experimental realization and optimization of a specialized

constellation of SVM, the simplex SVM constellation. Finally, in Chapter 5, simulated

investigations of MVM are conducted, exploring various propagation degradations and

comparing the (6,64)-MVM constellation with 4-SVM and 4-PAM to achieve an aggregate

data rate of 672 Gbps.
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THEORY

Overview

Stokes Vector Modulation (SVM) and Mode Vector Modulation (MVM) are modulation

formats that leverage the state of polarization (SOP) of an electromagnetic (EM) wave for

data encoding. These formats are particularly advantageous for their compatibility with

direct-detection receivers, o�ering a simpler, more power-e�cient alternative to coherent

detection formats. Despite their amenability toward direct detection (DD), SVM and

MVM can also be generated and detected using coherent transceivers, providing additional


exibility for testing their performance. SVM operates within the three-dimensional Stokes

space, while MVM extends its concept to higher dimensionalities by utilizing multiple

spatial degrees of freedom (DoFs), such as those available in multicore or few-mode �bers

(MCF/FMF).

This chapter brie
y explores the theoretical foundations of both SVM and MVM,

detailing their representations both mathematically and qualitatively so that one may

better understand the potential advantages of these constellations for data center optical

interconnects, particularly in terms of their balance between spectral e�ciency, energy

e�ciency, and implementation complexity.

Jonesand StokesRepresentationsof Polarization

SVM is a modulation format that encodes binary data into the various SOPs of a propagating

EM wave. The properties of any polarized EM wave can be expressed in terms of its

orthogonal polarization components,Ex and Ey, which represent the complex components

of the electric �eld's orientation along the cardinalx- and y-axes in space (Fig. 2).

These components are superimposed with di�erential phase and amplitude di�erences
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Figure 2: Propagating TEM wave withx and y polarization components.

to generate any desired SOP [3, 18]. In general, the components are functions of both space

and time, (z, t); however, assumingz=0 at the �ber input, can be expressed by the following

equations:

Ex (t) := ax (t)ei (! 0 t+ � x (t )) jxi ; (2.1a)

Ey(t) := ay(t)ei (! 0 t+ � y (t )) jyi ; (2.1b)

where! 0 denotes the carrier angular frequency, anda(t) and � (t) represent the time-varying

amplitude and phase of each component, respectively. The basis vectors, represented using

Dirac's ket notation j�i , align the components along thex- or y-axis of the Cartesian plane.

Placing (2.1) in vector notation, the Jones vectorjsi is de�ned and describes the SOP of the

EM wave:

jsi := [ Ex ; Ey]T : (2.2)

If a geometric representation using real vectors is of primary interest, the Stokes vector

representation of the EM wave is used:
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~s := [ S1; S2; S3]T : (2.3)

The Stokes vector components are given by the following equations, where the

di�erential phase, � , is de�ned as the argument of the ratio of polarization components:

� := arg(Ex=Ey).

S1 := jEx j2 � j Ey j2; (2.4a)

S2 := 2jEx j2jEy j2 cos(� ) = 2Ref E �
x Eyg; (2.4b)

S3 := 2jEx j2jEy j2 sin(� ) = 2Im f E �
x Eyg: (2.4c)

The amplitude of the Stokes vectorS0 is given by the vector norm of~s:

S0 = k~sk =
q

S2
1 + S2

2 + S2
3; (2.5)

where~s may be scaled by its norm, e.g., ^s = ~s=k~sk such that the amplitude S0 = 1. The

SOP can then be visualized on the Poincar�e sphere, as depicted in the �gure below.

Figure 3: Arbitrary unit Stokes vector ŝ plotted on the Poincar�e sphere.
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Mode Vector Modulation

MVM extends the concept of SVM beyond the conventional three-dimensional Stokes space

into a generalized (N 2 � 1)-dimensional Stokes space, whereN refers to the number of

polarization DoFs. This expansion leverages all spatial and polarization DoFs in multicore

or few-mode �ber infrastructure, signi�cantly enhancing the signal space for constellation

optimization and enabling greater separation between MVM Stokes symbols.

As a result, MVM provides resilience to transmission impairments and noise, improving

receiver sensitivity. Additionally, with its higher-dimensional signal space, MVM constella-

tions o�er optimal trade-o�s between energy and spectral e�ciency, making them a promising

alternative for short-haul optical links.

This section introduces the fundamental concepts of MVM and explores preliminary

�ndings from previous theoretical studies on this emerging modulation format.

The MVM Concept

Conventional SVM uses single-mode �ber (SMF) infrastructure, providing a single

spatial DoF (mode) with two polarization components,x and y, as depicted in Fig. 4.

Figure 4: The SVM concept.

The SVM transmitter modulates the amplitude and phase between the two polarization

DoFs to generate various SOPs of the outgoing EM wave [18]. Since the SMF has generalized

dimensionality N 2 � 1 = 3, the SVM transmitter can generate numerous constellation

arrangements supportingM points that may be visualized using the Poincar�e sphere. The

ideal and noiseless SVM/DD receiver measures the intensity components of the received SOP
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using photodiodes, whereas digital signal processing (DSP) compensates for polarization

rotations caused by �ber birefringence. Ultimately, the transmitted Stokes vector symbol is

recovered, and the bit error rate (BER) is computed [18].

The MVM concept is a Multiple-Input Multiple-Output (MIMO) extension of SVM that

utilizes all k single-mode cores or few-mode �ber modes at the same time with accumulated

polarization DoFs N > 2 (Fig. 5). Rather than treating each spatial DoF as a separate

SVM channel, MVM modulates the amplitude and phase of each polarization component

simultaneously to uniquely represent an (N 2 � 1)-dimensional Stokes vector. This vector

can only be qualitatively imagined, as direct visualization in dimensions greater than three

is not possible. Instead, MVM constellations are conceptually depicted using the surface of

an (N 2 � 1)-dimensional Poincar�e hypersphere [19].

(a)

(b)

Figure 5: (a) The MVM concept; (b) multicore �ber (MCF) and few-mode �ber (FMF) with
k single-mode cores or modes. In reality, the modes of the FMF overlap; the depiction is
purely qualitative.

As shown in Fig. 5, the MVM transmitter modulates the amplitude and phase of all

N polarization components, selecting from an optimally shaped constellation including an
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M -number of N -dimensional Jones vectors [19]. Each pair of polarization components is

launched into a single core or mode of the MCF/FMF �ber using a fan-in topology or mode

multiplexer.

At the �ber end, all N polarization DoFs are demultiplexed. The ideal and noiseless

MVM/DD receiver detects the polarization components of each mode and, in essence,

functions as a high-speed multimode polarimeter. The optical communications group at MSU

has devoted signi�cant e�orts to designing the MVM receiver architecture, which currently

exhibits linear hardware complexity scaling with the number of DoFsN [19]. Finally, the

DSP block compensates for polarization rotations using an adaptive algorithm such as Least

Mean Squares (LMS) to eventually recover the transmitted Stokes vector [37].

Optimized Constellationsof SVM/MVM

The constellations of MVM are denoted as (N , M )-MVM, where N represents the number of

polarization degrees of freedom andM is the constellation cardinality, indicating the number

of points distributed along the surface of the (N 2 � 1)-dimensional Poincar�e hypersphere.

Constellations for SVM (N = 2) were numerically optimized in [4] to maximize the Euclidean

distance between Stokes symbol vectors. Later, further optimizations based on minimizing

the symbol error probability were performed, achieving theoretical optima for constellations

with up to 32 points [3]. Additionally, practical implementations of SVM have been

developed using theoretically suboptimal cubic constellations, incorporating variations of

intensity-modulated SVM [18, 25].

To extend this analysis into the generalized Stokes space and enhance existing SVM

constellations, the optical communications group at MSU developed a method for generating

optimally separated Stokes symbol vectors in any dimensionality [19]. This method is

inspired by the physical analogy of electrostatics and Coulomb forces [39].

In this approach, each Stokes symbol in anM -point SVM constellation behaves like a
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point charge on a superconducting Poincar�e sphere, repelling others under Coulomb forces

to minimize potential energy. This principle extends naturally to the generalized (N 2 � 1)-

dimensional Stokes space, whereM points will also equilibrate in higher dimensions.

The method involves minimizing an objective function� , which represents the system's

potential energy, using gradient descent [5]:

� :=
MX

i =1

MX

j = i +1


( dij ): (2.6)

The function 
( dij ) � d� 1
ij is inversely proportional to the Euclidean distance between

all pairs of M Stokes vertices. As the cumulative distance between vertices increases, the

overall potential energy � decreases. Figure 6 illustrates this process, where an 8-SVM

constellation is optimized from an initially random collection of 8 Stokes vectors.

(a)

(b)

Figure 6: Optimization of 8-SVM. (a) Reduction of the potential energy� after � 900
iterations; (b) starting (left) and optimized (right) constellations of 8-SVM. The constellation
on the right represents the square antiprism (twisted cubic constellation).
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Analytical Performanceof MVM

The performance of variousM -point optimized SVM and MVM constellations was an-

alytically studied in terms of their receiver sensitivity under an increasing number of

polarization DoFs N (Fig. 7). As shown in the �gure, the bit signal-to-noise ratio (SNR)

required to achieve a bit error probability of 10� 4 signi�cantly decreases, approaching the

Shannon capacity limit, when N increases from the single-mode case (N = 2) to the

multicore/multimode case carrying 2 and then 4 spatial DoFs (N = 4; 8). While increasing

the number of constellation points improves the spectral e�ciency of the optical link, the

energy gains begin to diminish beyond a certain point.

Figure 7: MVM spectral e�ciency per spatial degree of freedom (SDoF) vs required bit
SNR per SDoF to achieve a bit error probability of 10� 4. The blue, red, and black curves
represent dimensionalityN = 2, 4, and 8, respectively. Each data point represents the
number of pointsM in the constellation [19].

These points|belonging to a subset of MVM constellations|o�er the optimal trade-

o� between spectral and energy e�ciency. They have been theoretically identi�ed using

symmetric, informationally complete, positive operator-valued measures (SIC-POVM) [12].
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These constellations, known as the simplex constellations of SVM and MVM, occur when

M = N 2 for any dimensionality N . The experimental generation and optimization of the

SVM simplex (4-SVM), which portrays a regular tetrahedron inscribed within the Poincar�e

sphere, is discussed later in this thesis.

Considering just the simplex constellations of MVM, the receiver sensitivity can be

compared to that ofM -ary Pulse Amplitude Modulation (M -PAM) and M -ary Quadrature

Amplitude Modulation ( M -QAM) (Fig. 8). As shown in the �gure, coherent QAM provides

the highest spectral e�ciency; however, when compared to DD formats, it is hardware

complex and incurs signi�cant energy penalties with an increasing number of constellation

points.

Figure 8: MVM simplex spectral e�ciency per spatial degree of freedom (SDoF) vs required
bit SNR per SDoF to achieve a bit error probability = 10� 4. Other modulation format
results, includingM -ary PAM and QAM for comparison [19].

Simpler, direct-detection-based formats such as PAM and MVM do not match QAM

in terms of spectral e�ciency but o�er signi�cantly lower receiver complexity. This is the

primary reason why 4-PAM is widely used in short-haul optical interconnects. However,
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as illustrated in the �gure, MVM can improve the energy e�ciency by up to 6.6 dB over

4-PAM when utilizing 16 polarization DoFs simultaneously, with only a moderate reduction

in spectral e�ciency. Certain MVM constellations may even surpass 4-PAM in terms of

spectral e�ciency while still achieving a few dBs of energy gain.

Future data center optical interconnects aim to support aggregate bit rates of 1.6 Tbps

and beyond. However, scaling to higher bit rates presents additional design challenges,

including the hardware complexity of advanced modulation formats, footprint constraints,

energy e�ciency, and overall cost. Table 1 presents various scenarios for future optical

interconnects striving to meet the 1.6 Tbps benchmark, assuming direct detection remains

the preferred choice for short-haul links due to its simplicity and cost advantages.

Modulation Format Spatial Lanes Fiber Symbol Rate Per Lane

(GBd)

4-PAM 16 SMF 50

4-SVM 16 SMF 50

(4,16)-MVM 8 dual-core MCF 50

(8,256)-MVM 4 quad-core MCF 50

4-PAM 8 SMF 100

4-SVM 8 SMF 100

(4,16)-MVM 4 dual-core MCF 100

(8,256)-MVM 2 quad-core MCF 100

Table 1: Scenarios for achieving an aggregate bit rate of 1.6 Tbps for future data centers.

Achieving 1.6 Tbps is possible with 4-PAM, assuming greater parallelization utilizing

additional spatial lanes. However, adopting MVM with 8 polarization DoFs enables larger
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constellations, reaching up to, and potentially beyond, 256 points, as shown in the table

above.

Due to their superior energy e�ciency over 4-PAM and coherent QAM, their com-

patibility with direct detection, and advanced constellation designs o�ering a broad range

of performance capabilities, SVM and MVM provide a compelling solution for achieving

the data rate demands of future data center optical interconnects while minimizing energy

consumption.
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EXPERIMENTAL DESCRIPTION

Overview

This chapter provides a detailed description of the setup for Stokes Vector Modulation

(SVM) and Mode Vector Modulation (MVM) experiments, including the devices used and

the calibration procedures implemented. The calibrations are crucial for validating and

testing the proposed modulation formats. The chapter is organized as follows: �rst, a

brief description of the key experimental devices and their roles in the setup; second,

an explanation of the communication between the Optical Modulation Analysis (OMA)

software, MATLAB, and the personal computer (PC); and �nally, an outline of the

calibration steps required to ensure accurate measurements.

Experimental Devices

SVM/MVM experiments involve a range of optical and electrical devices designed for signal

generation, transmission, reception, and measurement. Located within the optical commu-

nications lab at Montana State University, a server rack houses several key components

essential for the advanced testing of optical communication systems and various modulation

formats (Fig. 9). This server rack supports �ber transmission experiments within a

recirculating loop architecture (RCL), where a propagating signal can recirculate through

the same �ber spool up toN times, emulatingN spans in long-haul optical communication

systems.

The primary components of the RCL include an arbitrary waveform generator (AWG)

for generating transmission signals at gigahertz frequencies, a dual-polarization In-phase and

Quadrature (IQ) transmitter, an RCL switch for transitioning between loop and load states of

the RCL, erbium-doped �ber ampli�ers (EDFAs), optical �bers, a variable optical attenuator



19

Figure 9: Experimental devices placed on the server rack inside the optical communications
lab at Montana State University.

(VOA), a coherent intradyne receiver, real-time digital oscilloscopes, and an optical spectrum

analyzer (OSA).

Each experimental device can be programmed using MATLAB through a central PC.

However, signal reception|speci�cally, sample data from the oscilloscopes|is managed by

Tektronix's OMA software. This software interacts with MATLAB to perform o�ine digital

signal processing (DSP). Details of the interaction between the OMA software and MATLAB

are discussed in later sections.
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Experimental Setup

For the experiments conducted in this thesis, the RCL is bypassed during back-to-back

experiments aimed at initial SVM constellation generation. These experiments use only a

subset of the components from the server rack. As shown in Fig. 10, the quad-channel

AWG drives each quadrature port of both thex and y polarization components of the dual-

polarization IQ transmitter. This transmitter is responsible for generating the optical signals

that are launched into the optical �ber. By utilizing both polarization components of a

continuous wave (CW) laser, the transmitter modulates the in-phase and quadrature parts of

each component, enabling phase and amplitude diverse modulation formats. The modulation

is performed by two Mach-Zehnder modulators (MZMs), each containing a pair of Mach-

Zehnder interferometers (MZIs). The MZIs convert electrical signals from the baseband

AWG source into an optical output.

Figure 10: Back-to-back experimental block diagram.

A short �ber cable (approximately 3 m) connects the transmitter's optical output to

the VOA, which adjusts the optical signal power to a desired level, simulating real-world

transmission conditions by emulating �ber attenuation or signal degradation. This allows
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for real-time control of the optical signal's power during experimentation.

A second �ber, of the same length, connects the VOA to the coherent intradyne receiver.

The receiver detects the incoming optical signal and converts it back into a series of electrical

signals for analysis. The receiver architecture includes a local oscillator (LO), a pair of

90-degree optical hybrids, and balanced photodiodes, enabling the extraction of both the

in-phase and quadrature parts from each polarization component of the received signal.

Finally, real-time digital oscilloscopes sample and display each electrical signal coming

from the receiver. The sampled data is then sent to the host PC, where o�ine DSP is

performed.

The experimental setup includes the devices summarized in Table 2. It consists of the 92

GSa/s Keysight M8196A arbitrary waveform generator, a 40 GHz Quanti� Photonics IQTX-

1203 dual-polarization IQ transmitter, an Optilab VOA-C-M variable optical attenuator, a

Quanti� Photonics IQRX-1004 coherent receiver, and two synchronized 100 GSa/s Tektronix

DPO75002SX oscilloscopes.

Device Model

Arbitrary Waveform Generator Keysight M8196A

2-pol IQ Transmitter Quanti� Photonics IQTX-1203

Variable Optical Attenuator Optilab VOA-C-M

Coherent Receiver Quanti� Photonics IQRX-1004

Oscilloscopes Tektronix DPO75002SX

Table 2: Device models.
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Optical Modulation Analysis and MATLAB Interaction

The Tektronix OMA software is a powerful tool designed to analyze and process electrical

signals sampled by Tektronix oscilloscopes. It enables the demodulation of optical signals,

extracting the underlying properties from modulated optical carriers, and performs in-depth

analysis of modulation formats such as quadrature amplitude modulation (QAM) and phase-

shift keying (PSK). The software generates constellation plots, which visually represent the

signal's quality in terms of key metrics like signal-to-noise ratio (SNR) and symbol error

rate (SER). It also calculates the Error Vector Magnitude (EVM), a statistical measure of

constellation noise and degradation, and produces eye diagrams to evaluate the timing and

shape of transmitted pulses. Additionally, the OMA software supports o�ine DSP using

MATLAB, allowing detailed step-by-step analysis of received signals before visualizations

and error rates are produced and computed. With its support for arbitrary complex

modulation formats and its ability to support user-de�ned DSP, the OMA software is a

key tool for studying advanced modulation formats using a coherent receiver.

The interaction between MATLAB and the OMA software is illustrated in Fig. 11.

Before a record of the received signal is sampled by the oscilloscopes, the OMA software

writes relevant analysis parameters to the MATLAB workspace, such as the modulation

format, symbol rate, and calibration data. The OMA software then queries a record

acquisition by the oscilloscopes where sampled data is transferred to the PC and written

to the MATLAB workspace. With access to experimental data, MATLAB performs various

user-de�ned DSP functions to process the data according to custom modulation formats. The

results of these computations are then sent back to the OMA software for visualizations, such

as eye diagrams, constellation plots, or representations of the state of polarization (SOP)

using the Poincar�e sphere. Additionally, the OMA software computes important performance

metrics, including bit error rate (BER) and other signal statistical measures like the EVM.
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Figure 11: OMA and MATLAB interaction.

Transmitter Calibrations

DC Biasing of the Mach-ZehnderInterferometers

Calibrating the IQ transmitter is crucial for accurate signal generation and measurement. DC

bias calibration of the MZIs ensures proper modulation by maintaining the desired operating

point. Figure 12a shows a block diagram of the Quanti� Photonics IQTX, where each MZI

is automatically biased via an internal bias controller (ABC). The XP/YP phase component

introduces a phase o�set between the arms of each MZM (Fig. 12b).

(a) (b)

Figure 12: (a) Quanti� Photonics IQTX block diagram; (b) one of the two MZMs inside the
polarization diverse IQ modulator.
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The MZM consists of two MZIs that control the real and imaginary parts of a single

polarization component. The polarization-diverse IQ modulator inside the IQTX contains

two MZMs|one for each polarization component of the signal. The electric �eldEs(t) that

emerges from each MZM can be expressed in terms of the input electric �eldE in (t) and the

driving voltagesV(t) as follows:

Es(t) =
i
2

e
� i�V 3 ( t )

2V� 3

�
sin

�
�
2

V1(t)
V� 1

�
� e

� i�V 3 ( t )
2V� 3 sin

�
�
2

V2(t)
V� 2

��
E in (t); (3.1)

where V� represents the half-wave voltage for each MZI and the additional phase-shifter.

The DC bias voltages set by the ABC are locked to ensure null intensity, e.g., destructive

interference between MZI arms, at the modulator output in the absence of an externally

applied AC voltage. The AC-coupled voltages,V1(t) and V2(t), are then used to modulate

the signal around the operating bias.

The voltage V3(t) is �xed to a DC value V3(t) = V� 3, which results in a �= 2 phase

di�erence between the interferometric arms of the MZM. This allows the expression to be

simpli�ed further as:

Es(t) =
E in (t)

2

�
sin

�
�
2

V1(t)
V� 1

�
+ i sin

�
�
2

V2(t)
V� 2

��
: (3.2)

The terms inside the parentheses represent one polarization component's in-phase and

quadrature parts. For the polarization-diverse IQ transmitter, these terms, when combined,

can generate any desired Jones vector symboljsi for use in SVM and MVM experiments.

To perform bias calibration, the IQTX ABC conducts a DC voltage sweep, ranging

from -14 to 14 volts, on each MZI and phase-shifter while measuring the output power in

milliwatts, as shown in Fig. 13. After the sweep, the ABC locks to the voltage corresponding

to the minimum intensity for each bias curve, both for the in-phase and quadrature

components, as well as for the quadrature point (�= 2) of the two phase-shifters. However,
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external factors such as temperature 
uctuations can cause the DC bias corresponding to

these points to shift over time. To compensate for these variations, the ABC applies a small

dither signal to the bias (a fraction ofV� ) to track and adjust the biases, correcting any

lateral shifts in their respective transfer functions.

(a)

(b)

Figure 13: DC bias sweeps performed by the ABC before external modulation for (a)x-
polarization I, Q, and phase; (b)y-polarization I, Q, and phase.

ReceiverCalibrations

90-degreeOptical Hybrid Imbalance

Receiver calibration is essential for ensuring the accuracy and reliability of the received

signal in coherent optical systems. One of the most common issues encountered in coherent

receivers is 90-degree hybrid imbalance. This occurs when the hybrid, which is designed

to split the received optical signal into its respective polarization IQ components, does not

perfectly divide the signal. As a result, phase and amplitude imbalances can occur between

the I and Q channels, meaning that they are no longer exactly in quadrature, or one channel
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may receive more power than the other.

Ideally, the I and Q channels should have equal amplitude and a phase o�set of exactly

90 degrees. However, practical hybrid components may introduce discrepancies that deviate

from this ideal. Any discrepancy caused by the hybrid can introduce signi�cant errors in

the received electrical signals, negatively impacting constellation uniformity. Therefore, a

calibration matrix is used to adjust the phase and amplitude of the received signals to address

these issues.

The hybrid imbalance is corrected by mixing the signal and LO lasers with a frequency

o�set on the order of megahertz. In the ideal case, the sampled signals, when plotted in the

complex plane, should rotate at this intermediate frequency (IF) o�set, forming a uniform

circular shape. Any deviation from rotational circular symmetry, such as ellipticity, indicates

a phase imbalance in the hybrid. This imbalance is corrected by applying a compensating

matrix H . Similarly, amplitude discrepancies are corrected withinH by adjusting the relative

gains of either the I or Q channel to equalize their powers. The calibrated hybrid imbalance

matrix for experimental implementations is a 2� 4 matrix and is given by the following:

H :=

2

6
4

0:6900 + 0:0000i; � 0:0052� 0:6901i; 0:0017� 0:0025i; � 0:0028� 0:0019i

0:0000 + 0:0000i; � 0:0002� 0:0004i; 0:6469� 0:0000i; � 0:0009� 0:0713i

3

7
5 : (3.3)

ChannelSkew

Another critical calibration aspect is channel skew, which occurs when the signals corre-

sponding to di�erent polarization states of the transmitted signal are received with temporal

delays. These relative delays arise from the RF connectors and unequal cable lengths,

typically found to be on the order of picoseconds. Timing o�sets between channels may

cause signal distortion, as each IQ channel is sampled at sub-optimal instances.
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To address this, phase slope measurements are performed. By measuring the phase

di�erence between the signal and LO lasers, the phase slope is calculated, revealing the

timing o�set between the IQ channels. If discrepancies are detected, the timing can be

adjusted by delaying or advancing one of the channels until the phase slope becomes linear,

indicating proper synchronization.

The channel skew measurements are represented by a 1� 4 vector s, with channel 1 as

the reference. The elements ofs are provided in units of picoseconds:

s :=
�

00:0; 32:0; � 12:0; 31:2

�
: (3.4)
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EXPERIMENTAL OPTIMIZATION OF THE SVM SIMPLEX CONSTELLATION

Overview

While the simplex Stokes Vector Modulation (SVM) constellation has been identi�ed to be

theoretically optimal for N = 2; M = 4 [1, 2, 4], its practical implementation has been

non-existent. The primary challenge in generating the SVM simplex and other Mode Vector

Modulation (MVM) simplexes in the lab lies in the ability to form them with high symmetry.

Consequently, most experimental research involving quaternary SVM constellations has

opted for simpler, yet sub-optimal, square constellations within Stokes space [15, 21, 22].

While these alternatives may be easier to implement, they fall short of capturing the full

theoretical advantages of the simplex SVM constellation.

This inaugural study, focused on the experimental realization of the SVM simplex

constellation, marks a pivotal step in advancing polarization-based optical communications

systems. By overcoming the challenge of experimentally generating, optimizing, and

testing the constellation, this study sets the stage for future research involving the

experimental generation of the highly promising simplex MVM constellations across di�erent

dimensionalities.

This chapter is organized as follows: �rst, a brief outline of the equivalence mapping be-

tween the mathematical descriptions of generic SVM/MVM symbols and the IQ modulators

is given; then, using the aforementioned mathematical equivalencies, the �rst experimental

generation and performance evaluation of the SVM simplex is presented including several

necessary steps involving transmitter characterizations and digital signal processing (DSP).

Finally, an optimization procedure is investigated for reducing the implementation penalty of

the format. It is found that, with adequate feedback control of modulator driving voltages,

SVM/MVM constellations can be generated with high symmetry in the lab, potentially

unlocking their full energy e�ciency advantage over other modulation formats considered
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for optical interconnects.

SVM/MVM Generationusing Quadrature Modulators

ConversionsbetweenJonesand StokesSpaces

Both M -ary SVM and (N , M )-ary MVM encode information into various states of

polarization (SOP) of a propagating electromagnetic (EM) wave. Once the encoded signal

reaches the receiver, the Jones vector components are measured and analyzed to determine

the transmitted symbol. Since IQ modulators, operating in Jones space, are used to generate

the SVM/MVM symbols, conversions between Jones space and Stokes space are commonly

performed during constellation visualization and inside the DSP functions, assuming an

intradyne coherent receiver is used to detect the received optical signal.

SVM symbol coordinates are encoded using a Jones vector with dimensionalityN = 2.

For SVM, any corresponding Jones vector symboljsi belonging to its constellation contains

two complex-valued elements,E := a+ ib, each representing a single polarization component

of the propagating EM wave (4.1). Similarly, for MVM, a generalized Jones vector containing

N polarization components is used for representation of its symbols, wherek = N=2

represents the number of �ber modes or cores allocated for multi-dimensional modulations

(4.2).

jsi =
�

Ex ; Ey

� T

(4.1)

jsi =
�

Ex1; Ey1; � � � ; Exk ; Eyk

� T

(4.2)

For this experimental example, consider the SVM simplex constellation whereM = 4.

This 4-point SVM constellation o�ers the theoretical optimal trade-o� between energy and

spectral e�ciency for N = 2. The vertices of this constellation form a regular tetrahedron
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in Stokes space and are created through the superposition of two complex orthogonal

polarization components, making it suitable for implementation inside the dual-polarization

nested Mach-Zehnder Interferometer (MZI) structure. The mathematical description of the

vectors is given in Jones space (4.3), where the basis vectorsjxi and jyi represent thex and

y polarization components, respectively.

js1i = jxi ; (4.3a)

js2i =
1

p
3

jxi +

r
2
3

jyi ; (4.3b)

js3i =
1

p
3

jxi +

r
2
3

ei 2�
3 jyi ; (4.3c)

js4i =
1

p
3

jxi +

r
2
3

ei 4�
3 jyi : (4.3d)

The SVM simplex constellation can be rotated by any unitary matrix to generate a new

set of Jones vectors; however, selective rotations can simplify implementation. Considering

the vectors above, the polarization basisjxi is purely real. Therefore, it is possible to

produce the SVM simplex using only three of the four available modulators in the coherent

transmitter. To view the SVM simplex constellation in Stokes space, one must �rst convert

the Jones vector symbols into Stokes vectors that can be plotted on the Poincar�e sphere. For

N = 2, the conversion is done using the unitary transformations of the Pauli spin matrices

� i :

� 1 =

2

6
4

1 0

0 � 1

3

7
5 ; � 2 =

2

6
4

0 1

1 0

3

7
5 ; � 3 =

2

6
4

0 � i

i 0

3

7
5 ; (4.4)

where the elementsSi of the corresponding Stokes vector ^s can be found using the following
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quadratic form [13]:

Si = hsj � i jsi ; (4.5)

where the vectorhsj represents the Jones vector's complex conjugate transpose.

Upon conversion into Stokes space, the quadratic form computation results in the loss

of the absolute phase of the EM wave. Thus, any transformation back into Jones space would

lead to absolute phase ambiguity. The Stokes vector receiver is a direct-detection receiver

and does not require knowledge of the absolute phase. Therefore, when coherent receivers

are used to detect the Jones vector components, conversion into Stokes space is performed

in the DSP to emulate true Stokes vector receivers.

The Jones vectors from (4.3) can be used to plot the simplex SVM constellation in the

complex plane. In Fig. 14a, the real (in-phase) and imaginary (quadrature) parts of each

polarization component are shown.

(a) (b)

Figure 14: (a) The SVM simplex Jones vectors plotted in the complex plane; (b) the formed
regular tetrahedron in Stokes space after using the quadratic form with the Pauli spin
matrices.
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Performing the conversion given by (4.5), the corresponding simplex SVM constellation

visualized in the 3-dimensional Stokes space is shown in Fig. 14b. To form the constellation

shape in Stokes space, each Stokes symbol vertex is connected by a line, forming a regular

triangle with three adjacent Stokes vertices. After connecting all four facets, it can be

seen that the Stokes vectors corresponding to the simplex SVM constellation form a regular

tetrahedron in the 3-dimensional Stokes space.

Relating MZI Transfer Functions and Modulator Driving Voltages

To relate the set of Jones vectors to modulator driving voltages, special consideration must be

given to each MZI transfer function. In general, each transfer function represents a sinusoidal

variation in output optical amplitude with applied voltage. However, the sinusoidal variation

can be described either in terms of amplitude or intensity. The 2V� range corresponds to a

peak-to-peak swing in intensity or a minimum-to-peak swing in amplitude and is illustrated

for both functions in Fig. 15.

Figure 15: The MZI intensity (dotted) and amplitude (solid) transfer functions.

Assuming a null bias is applied, each MZI operates along the minimum point of the

intensity curve, or equivalently, the quadrature point of the amplitude curve. The DC bias
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voltage can be set experimentally using an automatic bias controller (ABC), which holds the

null point for each MZI. Although both transfer functions vary sinusoidally, mathematically,

they will produce di�erent results when equated to the SVM simplex symbol Jones vectors.

For SVM/MVM and coherent modulations, the amplitude transfer function is considered

when applying an external voltage to the modulator.

The complete amplitude transfer function used to describe each MZI is given by the

following equation:

sin
�

�
2

�
V�

v(t)
�

: (4.6)

Since each MZI half-wave voltage is on the order of volts, internal RF ampli�ers are

required to boost the arbitrary waveform generator (AWG) small signal voltagev(t), on the

order of millivolts, by a gain coe�cient � .

With an inclusive description of the MZI amplitude transfer function established, several

important relations must be satis�ed to evaluate the corresponding voltages used to generate

the SVM simplex. In compact notation, this requires equating the real and imaginary parts

of the Jones vectorx and y components with the amplitude transfer function of each MZI,

as described in the following equations, wherev0 is a �xed voltage corresponding to the

amplitude of v(t) and 
 is a unit-less scalar representing the pulse shape and temporal


uctuation of v0.
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Ref Exg = sin
�

�
2

� 1

V� 1

 1v01

�
; (4.7a)

Imf Exg = sin
�

�
2

� 2

V� 2

 2v02

�
; (4.7b)

Ref Eyg = sin
�

�
2

� 3

V� 3

 3v03

�
; (4.7c)

Imf Eyg = sin
�

�
2

� 4

V� 4

 4v04

�
: (4.7d)

The goal is to solve for the normalized voltage amplitudes
 , which are de�ned to

be limited by the dynamic range of the AWG digital-to-analog converter (DAC), e.g., [-

1, +1]. Within the AWG soft panel software, peak-to-peak amplitude settings, 2v0, for

each channel must be con�gured before a user-de�ned waveform may be uploaded. The

normalized voltages,
 , serve as scaling coe�cients to the �xed peak voltage amplitude

setting v0, ultimately determining the output voltage level for each DAC clock instance.

Transmitter Characterization using Tone FM

Solving the equations in 4.7 for
 is a non-trivial task, primarily due to the unknown factor

�
V�

, which varies for each MZI. As shown in Fig. 16, internal linear RF ampli�ers with

unknown gain transfer functions amplify the small signal outputsv(t) from the AWG to

higher voltages for modulation.

Moreover, the MZI transfer functions are not perfectly sinusoidal as assumed, intro-

ducing frequency-dependent variations inV� across each MZI. Additionally, the frequency

response of each AWG channel output is structured, varying moderately between channels.

The combination of these factors can result in poor constellation symmetry of SVM/MVM

modulations. Assuming the factor �
V�

a priori for each MZI is insu�cient for generating
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Figure 16: Transmitter characterization experiment block diagram.

highly symmetric simplex SVM/MVM constellations. Therefore, it is necessary to perform

coarse characterizations of the transmitter to resolve the arguments of (4.7).

One way to evaluate the ratio �
V�

for each of the four MZIs involves independent

sinusoidal modulation at a particular frequency of interest, enabling a coarse characterization

of the transmitter, as shown within the dotted orange line in Fig. 16. For this purpose, a

sinusoidal voltagev(t) is generated using the AWG output corresponding to one of the four

MZIs. The voltage v(t) is given by the following equation:

v(t) = v0 sin(2�f m t); (4.8)

where v0 is the amplitude of the sinusoid andf m is the modulation frequency. The other

three MZIs are biased at null and receive no modulation.

A continuous wave (CW) laser with optical frequencyf 0 and electric �eld amplitude

E0 is used for modulation of the MZI under test. Substituting (4.8) into (4.6), the output
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electric �eld Eout (t) is found to be given by the equation:

Es(t) =
E0

2
sin [� sin(2�f m t)] cos(2�f 0t); (4.9)

which represents a double-sideband suppressed-carrier (DSB-SC) signal with a message signal

m(t) = sin [ � sin(2�f m t)]. This type of sinusoidal modulation is analogous to tone frequency

modulation (tone FM) [20], where the argument of the MZI transfer function contains an

FM index � , characteristic of the argument in equation (4.6), and de�ned by the following

equation:

� :=
�
2

�
V�

v0: (4.10)

By expanding the message signalm(t) using its Fourier series, it can be shown that

Es(t) may be represented as a sum of sinusoids, corresponding to both the upper and lower

sidebands relative to the optical carrier frequencyf 0 (4.11). Each sinusoid has a unique

amplitude determined by the Bessel function of the �rst kind with argument� , Jn (� ),

wheren is the order of the function. At baseband, the frequency of each sinusoid is an odd

multiple of � f m . However, when expressed around the frequencyf 0, the sinusoids are spaced

by f 0 � (2n + 1) f m , wheren is an integer.

Es(t) =
E0

2

1X

n=0

J2n+1 (� ) sin [2�f 0t + 2� (2n + 1) f m t]

�
1X

n=0

J2n+1 (� ) sin [2�f 0t � 2� (2n + 1) f m t] : (4.11)

An optical spectrum analyzer can be used to measure the optical spectrum of the DSB-

SC signal, as shown qualitatively in Fig. 17a. The ratior of the �rst spectral line to the
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second spectral line in the upper sideband is measured from the optical spectrum and used

to calculate the value of� by numerically solving the equation below:

J1(� ) = rJ 3(� ): (4.12)

(a) (b)

Figure 17: (a) Computed power spectrum with the corresponding odd-order Bessel functions
occurring at multiples of f o � (2n + 1) f m ; (b) Normalized �=� plotted as a function ofr .

The ratio r is estimated using the optical spectrum by �rst measuring the magnitude

di�erence � P = P1 � P3 between the frequency componentsf 0 + f m and f 0 + 3f m . The

ratio is then linearized and given byr = 10
� P
10 . This process can be repeated for each MZI

in the transmitter. With a measured FM index � for each MZI and prior knowledge of the

AWG peak-to-peak voltage setting 2v0, the ratio of the RF ampli�er gain coe�cient to the

half-wave voltage, �
V�

, of each MZI can be inferred.

The goal is to equate both sides of each equation in (4.7), solving for all


coe�cients, which will yield the scaled waveforms suitable for uploading to the AWG.

For characterization, the modulation frequencyf m is chosen to be 4.6 GHz to ensure an

even number of samples per period for generating the sinusoid. Although using an optical

spectrum analyzer to detect the optical spectrum and determine the modulation index�
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may be adequate with high-resolution sampling, the Yokogawa AQ6370D analyzer deployed

in the lab is limited to a resolution of only 0.02 nm, which, with a laser center wavelength

� 0 = 1550 nm, corresponds to a frequency resolution of approximately 2.5 GHz. Frequency

sampling at the order of f m may lead to inaccurate power measurements in the optical

spectrum. Therefore, the coherent receiver is used to bring the signal to baseband, where it

can be sampled at a rate much higher thanf m . While detecting the signal with the coherent

receiver introduces more complexity in terms of detection impairments and noise, several

DSP algorithms can be employed to compensate for these impairments and provide a more

accurate measurement than the optical spectrum analyzer.

As shown in the experimental setup in Fig. 16, a single MZI is driven by a sinusoidal

tone with frequency f m = 4:6 GHz and peak-to-peak amplitude 2v0. The internal RF

ampli�er increases the amplitude of the small-signal AWG voltage by the gain factor� . The

signal is transmitted via a short �ber jumper and detected by the coherent receiver with

additional blocks representing analog-to-digital conversion and subsequent DSP processing.

For the received signal to be processed by DSP functions, including hardware

impairment compensation, clock recovery, SOP estimation, and phase estimation, it must

be sampled on a symbol-by-symbol basis (Fig. 18).

Figure 18: Qualitative BPSK scheme withRs = 2f m .

After reception, the signal components are sampled by the oscilloscopes at a rate of
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f s = 100 GSa/s. The received sinusoid is treated as a coherent binary phase shift keying

(BPSK) signal with symbol rate Rs = 2f m , and is interpreted by the DSP as a binary

waveform with +1 or � 1 amplitude states. In this setup, the DSP processes the signal

by taking 2 samples per period of the sinusoid, using these samples for all downstream

processing.

The DSP block in Fig. 16 can be expanded into its constituent functions, including

hardware impairment compensation, clock recovery, SOP estimation, phase estimation,

interpolation, the Fast Fourier Transform, and, ultimately, resolving the modulation index

� (Fig. 19).

Figure 19: Transmitter characterization DSP.

The hardware impairment compensation corrects for 90� hybrid imbalances and inter-

channel skew [34]. The clock recovery function determines the symbol clock frequency and

phase, generating a time-series Jones vector spaced by the symbol periodTs. Following clock

recovery, the sampled Jones vectors may be visualized using the complex plane (Fig. 20a).

Fiber birefringence causes some power inx to leak into y, while temporal decoherence

between the signal and LO lasers leads to an intermediate frequency (IF) o�set, causing the

points to rotate. The SOP estimation restores all of the signal power into thex-polarization

[34] (Fig. 20b). Thereafter, the phase estimator removes the IF o�set and subtracts laser

phase noise, producing the desired BPSK symbols [33] (Fig. 20c).
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(a) (b) (c)

Figure 20: Experimental constellations of BPSK processing through various DSP functions.
Received symbols plotted (a) after clock recovery and symbol downsampling; (b) after
performing SOP estimation; (c) after removing the IF o�set and performing phase estimation.

BPSK symbols aligned on the real axis are interpolated to reconstruct the received

waveform with an e�ective sample rate signi�cantly higher than f m [34]. An FFT then

reveals the modulation index� (Fig. 21).

(a) (b)

Figure 21: Final steps for recovering the modulation index� . (a) Interpolated BPSK signal
representing the received sinusoid; (b) RF spectrum after taking an FFT of the signal.

Once the RF spectrum is obtained, the modulation index� can be calculated using

equation (4.12). The experimental results are shown in Fig. 22, where the modulation
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indices � are plotted against the AWG driving peak-to-peak voltage setting, 2v0, for each

MZI modulator (1-4).

Figure 22: Normalized modulation index�=� plotted against AWG peak-to-peak voltage
setting 2v0 for each MZI in the transmitter.

Once the modulation index� is determined, an operating index can be selected from

Fig. 22 and used to compute the scalar coe�cients
 . As stated in (4.7) and (4.10), �

represents the full argument of each MZI transfer function, leaving only
 to be solved for.

Rewriting (4.7), the following set of equations links the MZI transfer functions to the real

and imaginary parts of each Jones vector component in the simplex SVM symbol set:

Ref Exg = sin( �
 1); (4.13a)

Imf Exg = sin( �
 2); (4.13b)

Ref Eyg = sin( �
 3); (4.13c)

Imf Eyg = sin( �
 4): (4.13d)
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Choosing an operating value for� is somewhat arbitrary; however, larger values of 2v0

are preferred due to their ability to improve the signal-to-noise ratio (SNR). Therefore, the

operating index is set to� = �
2 , which approximates�v 0 � V� . With � = �

2 , each MZI must

be driven by a di�erent value of 2v0, as illustrated in Fig. 22. These voltage settings are

summarized in the table below.

Modulator 2v0

MZI 1 406 mV

MZI 2 400 mV

MZI 3 439 mV

MZI 4 424 mV

Table 3: Modulator driving voltages for �xed � = �
2 .

Evaluating the AWG Waveforms

Waveform generation follows the coarse characterization of the transmitter, assuming a �xed

modulation index � = �
2 for each MZI. The generation of the AWG waveforms begins by

evaluating the equations (4.13) for the scaling coe�cients
 for each MZI and constellation

symbol. Using the symbol Jones vectors from (4.3), Table 4 depicts the corresponding

normalized voltages
 for each Jones symbol vectorjsi of the SVM simplex.

After the scaling coe�cients 
 are computed, attention can be turned to the type of

symbol sequencing that is used in the experiment. Many sequencing algorithms apply to

various scenarios; however, for direct-detection systems, impairments caused by chromatic

dispersion (CD) are of primary interest since these systems cannot electronically compensate

for CD.
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Scaling Coe�cient js1 i js2 i js3 i js4 i


 1 1.0000 0.0000 0.0000 0.0000


 2 0.3918 0.0000 0.6082 0.0000


 3 0.3918 0.0000 -0.2677 0.5000


 4 0.3918 0.0000 -0.2677 -0.5000

Table 4: Normalized voltage mapping between the
 coe�cients used to drive each MZI and
the SVM simplex Jones symbol vectors.

Due to the CW laser's moderately polychromatic spectrum, CD results in a temporal

spreading of the optical pulse during propagation. As the pulse spreads, interference occurs

between adjacent pulses, leading to Inter-symbol Interference (ISI) [16].

Certain symbol sequencing techniques can help mitigate the impact of ISI by ensuring

all combinations of adjacent symbols in the constellation appear in the sequence. One such

sequence commonly used in communications is the de Bruijn sequence [6]. By carefully

choosing adjacent symbols, de Bruijn sequences ensure a balanced distribution of symbol

combinations, thereby reducing the likelihood of interference between neighboring symbols

and minimizing ISI-induced degradation. Each de Bruijn sequence is de�ned by an alphabet

A of length k and ordern. The ordern refers to a subsequence in which every possible string

of length n from the alphabet A appears at least once. For example, as shown in Fig. 23,

the sequencef 0,0,1,1g is generated from all possible subsequences of length 2 taken from an

alphabet consisting of symbols 0 and 1. This sequence has an alphabet length ofk = 2 and

order n = 2.

Since the simplex SVM constellation alphabet consists of four symbols, the de Bruijn

sequence will exhibit an alphabet lengthk = 4. In this experiment, since a short �ber

jumper is used, CD is assumed to be negligible. Therefore, an order ofn = 5 is chosen,

which is su�cient for this initial back-to-back experiment. Using a de Bruijn generator in
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Figure 23: Example of a de Bruijn sequence withk = n = 2.

MATLAB [17], the following de Bruijn symbol sequencex of length 45 = 1024 is generated

as the following:

x = [4; 3; 2; 2; 2; 3; 1; 1; 4; :::]: (4.14)

Including the symbol sequence and symbol vectorsjsi from the simplex SVM

constellation, along with the corresponding scaling coe�cients
 from Table 4, the waveforms

are generated and adapted to the desired symbol rateRs. The symbol rate is given as the

ratio of the DAC clock rate of the AWG, f clk , to the number of samples per symbol,Nsps.

For this experiment, the transmitter characterization was performed with modulation

frequency f m = 4:6 GHz, which coarsely characterizes the transmitter for a symbol rate

Rs = 4:6 GBd. With a DAC clock rate of 92 GHz, each coe�cient 
 is repeated 20 times

(Nsps = 20). The de Bruijn sequence is used to generate plots of the simplex SVM waveforms

for each MZI, shown in Fig. 24, up to the �rst 2000 samples. The symbols are shaped by

square pulses, with amplitudes corresponding to the scaling coe�cients
 . The amplitudes of

each waveform are expressed as factors ofV� , since the modulation index is taken as� = �
2 .
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(a)

(b) (c)

(d)

Figure 24: Plots of waveforms to be uploaded to the AWG for generation of the simplex SVM constellation. Figures
include waveform plots up to 2000 samples for modulators controlling the (a)x-pol in-phase; (b)x-pol quadrature; (c)
y-pol in-phase; (d)y-pol quadrature.
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Experimental Generationof the SVM Simplex Constellation

The signal waveforms, as shown in Fig. 24, are uploaded to the AWG. The peak-to-peak

voltage for each AWG channel, 2v0, is set according to Table 3 to achieve a �xed modulation

index of � = �
2 across all MZIs. As depicted in Fig. 25, each AWG channel voltage modulates

the MZIs corresponding to the real and imaginary parts of the Jones vector polarization

components, thereby modulating the SOP of the incoming CW laser's electric �eldE in (t).

Figure 25: The SVM simplex experimental block diagram.

The modulated signal then propagates through a short �ber jumper, where it acquires

random and time-varying birefringence, as well as controlled attenuation from the variable

optical attenuator (VOA). It is then detected by the intradyne coherent receiver, where

several o�ine DSP functions are performed to assess the constellation symmetry and evaluate

the BER. The DSP functions are outlined in Fig. 26 and are discussed in detail in this section.

Identical to several DSP functions used in the previous section for transmitter

characterizations, the hardware impairment compensation and clock recovery functions are

performed as part of the DSP chain. These compensations correct 90� hybrid amplitude
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Figure 26: DSP functions for the SVM simplex including hardware impairment compensa-
tion, matched �lter, clock recovery, Jones to Stokes conversion, symbol sequence resolution,
pseudo-inverse, and evaluations of the BER and error vector magnitude (EVM).

and phase imbalances and remove inter-channel skew. The clock recovery function uses

the baseband spectrum to determine the symbol clock frequency and phase, outputting a

time-series Jones vector sampled atRs. The other functions listed in Fig. 26 are internally

developed.

Matched Filter

After applying hardware impairment compensations to the received waveforms from the

four-channel oscilloscope, a matched �lter is used to remove excess noise from the received

signal. Since the driving waveforms are shaped by square pulses, the matched �lter impulse

response is the moving average �lter with a duration equal to the number of samples per

symbol Nsps.

Since the symbol rate isRs = 4:6 GBd and the oscilloscope sample rate is con�gured to

100 GSa/s, the moving average �lter is approximated withNsps � 20. The power spectrum

of both the raw and �ltered waveforms for thex-polarization in-phase channel is shown in

Fig. 27. Each channel is �ltered using the same impulse response.
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Figure 27: Simplex SVM matched �lter implemented on thex-pol in-phase channel.

Jonesto StokesConversion

Once the clock recovery algorithm determines the symbol clock and phase, the time-series

Jones vectors,J = [ js(t1)i ; js(t2)i ; js(t3)i ; :::; js(tN )i ], sampled at Rs, are converted into

their corresponding Stokes vector representations to emulate true direct detection receiver

processing. At this point, the absolute phase information provided by the coherent receiver

is lost to the DSP. The conversion from time-series Jones vectors to time-series Stokes vectors

is performed using (4.4) and (4.5).

Symbol SequenceResolution

Once the received time-series Stokes vectors,T =
�
t̂(t1); t̂(t2); t̂(t3); :::; t̂(tN )

�
, are computed

using the quadratic form, they are normalized to unit magnitude and can be plotted on the

surface of the Poincar�e sphere, shown as the blue points in Fig. 28a. Due to the birefringence

of the short �ber cable, the received vector clusters in blue form a tetrahedron that is rigidly

rotated away from the nominal transmitted Stokes vector positions, forming the vertices of

the shaded black regular tetrahedron. The primary task of the SVM DSP is to counter-rotate

the constellation back to the nominal positions, allowing symbol decisions to be made and,

eventually, the BER to be evaluated.

Since the DSP is performed o�ine, the real-time oscilloscopes must capture a single
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(a) (b)

Figure 28: (a) Received Stokes vectors rotated away from the nominal Stokes symbols
forming the regular tetrahedron; (b) tetrahedron formed by the cluster averages of received
vectors with unknown symbol vertices.

acquisition of samples from the continuously incoming signal. The acquisition record length

is kept su�ciently long to capture at least two full 4 5 de Bruijn sequence lengths (in practice,

N � 2,300 symbols). Because the timing of the acquisitions is asynchronous with the

transmitter, there is a symbolic delay to the known transmitted sequence. Therefore, symbol

sequence resolution is required, as the future derotation step based on the pseudo-inverse

depends on knowledge of the received symbol sequence, which is inherently unknown to the

DSP (Fig. 28b).

Without knowledge of the �ber Mueller matrix R and due to the symmetry of the

constellation, each symbol cluster average vector�̂t i could correspond to any one of the four

symbol vertices ^si . Thus, both the received symbol sequence and symbol ambiguity must

be resolved to perform a derotation of the constellation. Using the MATLAB functions

linkage() and cluster() , received Stokes vectors are clustered together and assigned

indices f a, b, c, dg arbitrarily (Fig. 29a). Since any cluster may correspond to any Stokes

symbol in the SVM simplex, the cross-correlation� between a repeated transmitted sequence
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x0 and all permutations of the received sequenceyn , where n is the permutation index

including 4! permutations, is evaluated (Fig. 29b).

(a)

permutation (n) a b c d

1 4 3 2 1

2 3 4 1 2

3 1 3 2 4
...

...
...

...
...

4! 1 2 3 4

(b)

Figure 29: (a) Clustered groups of received Stokes vectors with labelsf a, b, c, dg; (b)
permutations of f a, b, c, dg corresponding to symbol vertices.

The length of the cross-correlation vector� is 2K � 1, whereK represents the length

of the repeated transmitted sequence vectorx0. This ensures that the correlation sequence

is long enough to correlate allN symbols in the acquisition record. For example, assuming

a 45 de Bruijn sequence, the lengthK is given by K = 1024 � � , where � is the repetition

factor.

For the case whereN = 2300, the repetition factor � = 3. Thus, the transmitted

sequencex0 is formed by repeating the arrayx three times: x0 = [ x; x; x]. The correct

permutation sequenceyn will produce the highest correlation peak withx0.

As shown in Fig. 30a, the peak correlation of� n occurs whenn = 13, though

it is less than 1 due to excess symbols inK > yn , as seen in Fig. 30b. Once the

correct permutation sequencey13 is identi�ed, the transmitted time-series Stokes symbols

S = [ ŝ(t1); ŝ(t2); ŝ(t3); :::; ŝ(tN )] are de�ned using the symbol set from (4.3), converted to

Stokes vectors, andy13 as the symbol indices.
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(a) (b)

Figure 30: (a) Peak correlations of� n plotted against n; (b) Cross-correlation between the
permuted sequencey13 and the known repeated transmitted sequencex0.

Pseudo-Inverse

Naturally, one might assume that the Mueller matrix R could be determined through a

straightforward matrix inversion operation. However, the dimensionality of each transmitted

Stokes vector ^s implies that the inverse does not exist. As a result, the resolved time-series

transmitted and received Stokes vectors are used to form the following matrices:

T :=

2

6
6
6
6
4

j j

t̂(t1) : : : t̂(tN )

j j

3

7
7
7
7
5

; S :=

2

6
6
6
6
4

j j

ŝ(t1) : : : ŝ(tN )

j j

3

7
7
7
7
5

: (4.15)

Combining the matrices, the �ber rotation t̂(t) = Rŝ(t) is rewritten in a more compact

form:

T = RS; (4.16)

where the dimensions of matrices are 3� N , 3 � 3, and 3� N , respectively. Then, an
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