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Abstract

In this thesis, we explore several direct detect system architectures and necessary digital signal
processing (DSP) algorithm to either extend the transmission speed and reach or lower the cost
and complexity. This thesis can be divided into three parts. In the first part, we focus on high
throughput data transmission over 500 m to 2 km of standard single-mode fiber (SSMF)
enabled by Mach Zehnder modulators (MZMs). Utilizing high order pulse amplitude
modulation (PAM) format and linear and nonlinear DSP algorithm, we demonstrate a record
net 300 Gbps/A intensity modulation direct detection (IM/DD) transmission with an O-band
silicon photonic (SiP) traveling wave Mach-Zehnder modulator (TW-MZM). Although SiP
offer a large-scale, low-cost solution, further performance improvement is gated by the inherent
bandwidth (BW) and phase shifting efficiency limitations of these modulators. To push this
capacity limit, we employ a thin-film lithium niobate (TFLN) MZM that enables net 350

Gbps/A transmission with PAMS signaling.

Transmission in the C-band with direct detection suffers from chromatic dispersion (CD)
induced power fading, which ultimately limits the transmission reach for high symbol rate
signals. In the second part of the thesis, we explore optical domain solutions to tackle this CD.
We demonstrate the transmission of 60 Gbaud PAM-4 signal with polarization multiplexing
(net 224 Gbps) over 10 km of SSMF in the C-band using Stokes vector receiver and an
integrated ring resonator based optical dispersion compensator (ODC). We use a chirp free
LiNbO3 MZM to test the performance of the ODC. As compared to externally modulated MZM,
directly modulated lasers show strong frequency chirp but are attractive for their cost and
power efficiency. We study the chirp-CD interaction of DML analytically over positive and
negative dispersion regime and through extensive simulation show the benefit and choice of
optical filtering to enhance the transmission performance. As a next step, we experimentally
verify the advantages of optical filtering in a DSP free DML/DD system and transmit 32 Gbps
PAM4 signal over a CD range of -170 ps/nm to +340 ps/nm with sub-one-volt driving signal.

With the aid of a proper optical filter and optimized DSP, we further extend the symbol rate to
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35 Gbaud (70 Gbps) over 20 km of SSMF (340 ps/nm of CD).

In the last part of the thesis, we try to push the transmission reach to 40 km in the C-band by
adopting self-coherent single-sideband (SSB) scheme with MZM, which is theoretically
immune to power fading. However, creating an ideal SSB signal is complex and costly; and
efficient solution is needed. We demonstrate that a skew between the differential driving signals
in a dual-drive (DD) MZM based SSB transmitter can significantly relax the optical filtering
requirement, reducing the cost. This enables net 200 Gbps/A signal transmission over 40 km
with a second order super gaussian (SG) optical filter. Overall, the proposed SSB scheme
provides an innovative solution to enable high speed data transmission over 40 km of SSMF

with direct detection in the C-band.
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Résumé

Dans cette thése, nous explorons plusieurs architectures de systémes a détection directe et les
algorithmes de traitement des signaux numériques (DSP) nécessaires pour augmenter la vitesse
et la portée de la transmission ou pour réduire leur colit et complexité. Cette thése est divisée
en trois parties. Dans la premicre partie, nous nous concentrons sur la transmission de données
a haut débit sur 500 m a 2 km de fibre monomode standard (SSMF) grace a des modulateurs
Mach Zehnder (MZM). En utilisant un format de modulation d'amplitude d'impulsion (PAM)
de haut ordre et un algorithme DSP linéaire et non linéaire, nous démontrons une transmission
détection directe de modulation d'intensité (IM/DD) nette record de 300 Gbps/A avec un
modulateur Mach-Zehnder a ondes progressives (TW-MZM) en bande O en photonique
silicium (SiP). Bien que le SiP offre une solution a grande échelle et a faible coft, I'amélioration
des performances est limitée par la largeur de bande inhérente et 'efficacité du déphasage de
ces modulateurs. Pour repousser cette limite de capacité, nous utilisons un MZM en couche
mince de niobate de lithium (TFLN) qui permet une transmission nette de 350 Gbps/A avec une

signalisation PAMS.

La transmission dans la bande C avec détection directe souffre de 1'évanouissement de
puissance induit par la dispersion chromatique (CD), ce qui limite finalement la portée de la
transmission pour les signaux a taux de symbole élevé. Dans la deuxiéme partie de la these,
nous explorons les solutions du domaine optique pour résoudre ce probléeme de CD. Nous
démontrons la transmission d'un signal PAM-4 de 60 Gbaud avec multiplexage de polarisation
(224 Gbps nets) sur 10 km de SSMF dans la bande C en utilisant un récepteur a vecteur de
Stokes et un compensateur de dispersion optique (ODC) basé sur un résonateur en anneau
intégré. Nous utilisons un MZM LiNbOs3 sans chirp pour tester la performance de 1'ODC.
Comparé¢ aux MZMs a modulation externe, les lasers a modulation directe présentent un fort
chirp de fréquence, mais restent intéressants en raison de leur colt et de leur efficacité
énergétique. Nous étudions l'interaction chirp-CD d’un DML de manicre analytique dans un

régime de dispersion positive et négative et, grace a une simulation approfondie, nous montrons
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les avantages et le choix du filtrage optique pour améliorer les performances de transmission.
Dans un deuxiéme temps, nous vérifions expérimentalement les avantages du filtrage optique
dans un systeme DML/DD sans DSP et transmettons un signal PAM4 de 32 Gbps sur une plage
de CD de -170 ps/nm a +340 ps/nm avec un signal de commande inférieur a un volt. Avec l'aide
d'un filtre optique approprié et dun DSP optimisé, nous étendons le taux de symboles a 35

Gbaud (70 Gbps) sur 20 km de SSMF (340 ps/nm de CD).

Dans la derniére partie de la thése, nous essayons d’augmenter la portée de la transmission a
40 km dans la bande C en adoptant un schéma auto-cohérent a bande latérale unique (SSB)
avec MZM, qui est théoriquement immunis€¢ contre I'évanouissement de la puissance.
Cependant, la création d'un signal SSB idéal est complexe et coliteuse. Une solution efficace
est donc nécessaire. Nous démontrons qu'un décalage entre les signaux de commande
différentiels dans un émetteur SSB basé¢ sur un MZM a double commande (DD) peut
considérablement assouplir I'exigence de filtrage optique, réduisant ainsi le cotit. Cela permet
la transmission d'un signal net de 200 Gbps/A sur 40 km avec un filtre optique super gaussien
(SG) de second ordre. Dans I'ensemble, le schéma SSB proposé fournissent de solution
innovante pour permettre la transmission de données a haut débit sur 40 km de SSMF avec une

détection directe dans la bande C.
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Chapter 1 Introduction

1.1 Motivation

The advent of mobile 5G, optical fronthauling, cloud computing, massive machine-to-machine
communication (M2M) has contributed to the significant growth of short-reach optical
communication, making it a prominent research area and market segment in recent times.
Short-reach communications, as defined by [1], encompass optical communication links
ranging from hundreds of meters to tens of kilometers, connecting servers within a datacenter
(DC) or between datacenters. These high-speed short-reach communication links can be
broadly categorized into two groups: intra-datacenter and inter-datacenter links. The former
covers data links spanning from a few meters to a few kilometers, facilitating communication
between servers and racks within a datacenter, while the latter, also known as datacenter
interconnects (DCI), enables data exchange among multiple datacenters over short, medium,
or long distances using high-speed packet-optical connectivity. Although coherent solution is
a strong contender for high-speed solution covering reach from 80 km and beyond, intensity
modulation direct-detection (IM/DD) schemes, known for their cost and power efficiency, are

widely employed in intra-datacenter and inter-datacenter links.

Among the various IM/DD schemes, pulse amplitude modulation (PAM) is the suitable choice
for its low complexity and four-lane 400 GbE with PAM-4 has already been standardized for
this reason [2]. Efforts are underway by the 800G multi-source agreement (MSA) to further
extend this capacity to 800GbE, with the recent release of the first 200G/lane PAM4 industry
specification. Compared to 100G/lane, 200G/lane offers better cost optimization and is
expected to serve as the foundation for future short-reach interconnect standards at 800GbE

and 1.6TbE capacities.

In terms of transmission reach, standards for 100 Gigabit Ethernet (100 GbE) transceivers can

be classified into different segments based on reach capabilities, including short reach (SR)
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supporting up to 100 m OM4 multimode fiber (MMF) links, datacenter reach (DR) supporting
up to 500 m single mode fiber (SMF) links, fiber reach (FR) for up to 2 km SMF, long reach

(LR) for up to 10 km SMF, and extended reach (ER) offering up to 40 km SMF [3].

For transmission reach up to 10 km, O-band (1260-1360 nm) IM/DD solution is preferred as it
avoids chromatic dispersion (CD)-induced power fading, and the fiber loss is manageable. On
the other hand, C-band (1530-1565 nm) transmission offers advantages such as lower fiber loss
(0.18 dB/km), mature wavelength division multiplexing (WDM) optics, and optical amplifiers
(EDFA). C-band transmission is also preferred for the new 5G mobile transport network over
10-20 km (access networks) due to compatibility with the channel plans defined in ITU-T
Recommendations G984.1 and G.698.2 [4]. However, C-band IM/DD systems are susceptible
to power fading, and therefore, dispersion compensating fiber (DCF) or an optical dispersion
compensation module (ODCM) becomes necessary for high symbol rate IM/DD transmission
systems [5]. DCF, due to its bulky size and lossy nature, cannot be integrated into small form-
factor pluggable modules, and thus, integrated dispersion compensation module can be a viable
solution for IM/DD systems in such cases. Modified modulation formats, such as Nyquist or
faster than Nyquist (FTN) PAM4, partial-response (PR) signaling, Tomlinson Harashima
precoding have been proposed to as potential solutions to tackle the impact of power fading
[6]. Advanced digital signal processing (DSP) algorithms, including pre-emphasis, feed-
forward equalization (FFE), decision feedback equalization (DFE), and combinations of FFE
and DFE, are actively being investigated to overcome the inter symbol interference (ISI)
induced by power fading [7]. However, the adoption of complex DSP techniques may not be
preferable due to the potential increase in power consumption of application-specific integrated
circuits (ASICs). As a result, alternative approaches such as moderate DSP, optical domain, or

RF domain solutions need to be explored.

As the transmission reach extends to 40 km, both O-band and C-band intensity modulation

with direct detection (IM/DD) transmission face challenges. C-band signals are heavily
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distorted due to power fading, while O-band suffers from fiber loss, resulting in low received
optical power. Optical amplification technologies are costly and exhibit poor performance in
O-band, leading to a deteriorated signal-to-noise ratio (SNR) at this extended reach.
Additionally, the accumulated chromatic dispersion (CD) for the edge channels becomes
significant. Consequently, high symbol rate data transmission with simple IM/DD becomes
infeasible, even with complex DSP. Single sideband (SSB)/vestigial sideband (VSB) systems
offer an alternative to the conventional double sideband homodyne coherent systems, as they
are immune to power fading and enable CD compensation with only one single-ended
photodetector (PD) and one analog-to-digital converter (ADC) channel per polarization [§].
While separate CD compensation or field recovery DSP is not required for 40 km, it is the
immunity to fading that makes SSB/VSB self-coherent systems a promising candidate for
extended reach applications. However, SSB/VSB methods require complex system architecture
and additional RF or optical devices (sharp filter), which may not be cost-effective. Thus,

finding a cost-effective solution is imperative.

Apart from speed and reach, cost and power consumption are also critical considerations.
External modulation using electro-absorption modulated laser (EML) and Mach-Zehnder
modulator (MZM) can provide high bandwidth but are more expensive. On the other hand,
directly modulated lasers (DMLs) are cost-effective, compact, and capable of higher output
power, allowing for long-range transmission without the need for optical amplification.
However, the limited electro-optic bandwidth and nonlinear behavior of DMLs due to their
inherent frequency chirp restrict their capacity at lower speeds. Active research is ongoing to
improve DML bandwidth, and DMLs are gaining significance in DC and 5G applications.
Therefore, DMLs with DD require further attention, and effective solutions to extend their
reach and capacity are crucial. These solutions can be broadly categorized into two approaches:

utilizing an optical filter for chirp management and digital signal processing (DSP).

To summarize, there is a pressing need to increase the throughput of optical transceivers in a
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cost-effective manner to meet the growing demand for global data traffic. This motivation
prompts the exploration of innovative solutions and the development of novel subsystems and
systems in the field of direct detect optical communication to increase the capacity, reach and

lower the power consumption.

1.2 Thesis Objective

Based on the discussions presented in the previous section, the thesis addresses the following

research question:
- How can we cost-effectively increase the bitrate-distance product in an IM/DD system?

Since we are talking about two transmission performance metrics, bitrate and distance, the

above research question can be broken down to two questions:

- How can we increase the bitrate in an IM/DD system and what would be the limit at
B2B or at extremely short reach?
- How can we increase the transmission distance in an IM/DD system, without

compromising the bitrate and cost?
Therefore, the objectives of the thesis are to:

e Analyze different modulation schemes (i.e., modulators and modulation formats) and
develop necessary digital signal processing for the highest throughput in a traditional
IM/DD system:;

e Develop cost-effective subsystems to extend the transmission reach;

e Verify the developed solutions via experimental demonstration.

Intensity modulation can be done in two ways: direct modulation and external modulation. And
there are different modulator material platforms, such as silicon photonic (SiP), lithium niobate
(LiNbO3), thin-film lithium niobate (TFLN) or indium phosphide (InP) for external electro-
optic modulators [9]. Among these, we focus on silicon photonic (SiP) and thin-film lithium

niobate modulators. SiP is lucrative because of its complementary metal oxide semiconductor
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(CMOS) compeatibility, high yield, and low fabrication costs. TFLN, on the other hand, is a
relatively newer technology with much better electro-optic (EO) performance, including high
EO bandwidth and phase-shifting efficiency, and low insertion loss. We start our thesis by
characterizing best-in-class SiP and TFLN modulators based on MZM structure (external
modulation), both fabricated in commercial foundry. Our research aims at increasing the
throughputs with SiP and TFLN MZM with optimized modulation format and efficient DSP
over intra-data center traffic distances of 2-10 km in the O-band. Next, we focus on extending
transmission reach. We aim at extending the reach beyond 10 km in C-band with MZM and
directly modulated lasers (DML). To that end, we first investigate the impact of chirp-CD
interaction in DML/DD system. Following that, we develop a semi-analytical approach for
deterministically designing an optical filter that makes the DML/DD system more tolerant to
CD. To increase the throughput, we adopt higher order PAM4 formats in this analysis. We also
analyze system performance with different DSP to extend the bitrate and reach. Finally, we
investigate advanced direct detect system such as SSB/VSB self-coherent system to achieve

high speed transmission over ER (extended reach) distances of 40 km.

1.3 Original contributions

The original contributions of the thesis can be grouped into three broad categories and are
presented in the three main chapters. In this section, we try to summarize our original

contributions.
High speed IM/DD Transmission using Mach Zehnder Modulator (Chapter 3)

e 200 Gbps/A i1s a key node throughput for the next generation 800G/1.6T short reach
optical links, which necessitates the use of modulators with high electro-optic (EO)
bandwidth. Since bandwidth limitation and impairments come from different sources,
DSP is an integral part for high-speed optical communication. In this chapter, therefore,
we target realizing high throughput IMDD systems below 10 km of SSMF using high

bandwidth Mach Zehnder Modulator (MZM), and efficient DSP. We characterize and
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perform transmission experiments with MZM on two different material platforms,
silicon photonic (SiP) and thin-film lithium niobate (TFLN). SiP modulators are
attractive for their compatibility with the CMOS process, small footprint, and cost-
effectiveness. However, SiP MZMs have limited bandwidth and low phase shifting
efficiency (high Vz), limiting the optical transmission speed. Still with proper MZM
design and DSP, it is possible to achieve 200 Gbps/A with SiP modulators. To that end,
we present the design and characterization of O-band and C-band SiP traveling wave
MZM with over 45 GHz 3-dB E-O bandwidth with a single-segment design. In the O-
band (C-band), we achieve net 220 (215) Gbps data rate over 10 km (500 m) of single-
mode fiber, showing the potential of SiP MZM in DCI space. We utilize PAM6 and
PAMS format and discuss the necessary DSP to achieve the results. Next, we employ
our best O-band SiP MZM in a transmission system set up with the latest generation of
SiGe arbitrary waveform generator (AWG) that can operate at 256 GSa/s. With this new
AWG, we transmit 134 Gbaud PAM-4 (net 250 Gbps) with HD-FEC and 115 Gbaud
PAM-8 (net 288 Gbps) with SD-FEC. The results are achieved with only a linear feed-
forward equalizer (FFE) and a single 3 V peak-to-peak driving signal. With
probabilistic shaping (PS), we extend the speed beyond 300 Gbps. This is the first net
300G transmission with a SiP modulator in an IM/DD system, fabricated entirely in a
commercial foundry.

M. Jacques worked on the design and P.C. Koh helped with the fabrication of the Silicon
Photonic Mach-Zehnder Modulator. X. Li helped with several DSP blocks including
probabilistic shaping and assisted in writing the JLT manuscript. I performed all the
transmission experiments, collected, and processed the data, and wrote the manuscript.
All co-authors reviewed the manuscripts [10, 11].

Achieving beyond net 300 Gbps with SiP modulator in an IM/DD system is extremely
difficult even with strong DSP due to the limited EO BW and higher driving swing

requirement. To overcome this limitation, we propose the use of TFLN modulators. In
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an identical experimental setup, we demonstrate ultra-high-speed data transmission at
a symbol rate of up to 144 Gbaud. With 95 GHz 6-dB EO bandwidth and 1.5 V half-
wave voltage, this C-band MZM enables the transmission of net 318 (308) Gbps PAM6
at B2B (after 500 m of SMF) with HD-FEC and net 360 (350) Gbps PAMS at B2B (500
m) with SD-FEC. We also study different modulation formats, driving swing and DSP
requirement to achieve these results. Our results demonstrate the suitability of the
TFLN modulator platform for single lane 250, and 300+ Gbps intra-data center
applications.

The TFLN modulator was designed and fabricated by HyperLight. We worked on the
specifications of the MZM based on the experimental setup. I performed all the
transmission experiments, collected, and processed the data, and wrote the manuscript.

All co-authors reviewed the manuscripts [12, 13].

Reach Extension for C-band IM/DD Transmission with MZM and DML by Optical

Filtering (Chapter 4)

IM/DD transmission is limited by CD induced power fading in the C-band. However,
C-band transmission over 10 km-20 km is important for access networks and
wavelength division multiplexing (WDM) mobile transport link for lower fiber loss,
device maturity, and bidirectional duplex communication. We demonstrate successful
transmission of 60 Gbaud PAM4 in the polarization multiplexed system over 10 km in
C-band with an integrated optical dispersion compensation module (ODCM), based on
silicon nitride (SiN) micro-rings. We characterize the ODC and employ it in a dual
polarization setup with Stokes vector receiver (SVR) to transmit net 200G signal with
linear MIMO DSP.

M. Morsy-Osman greatly helped in the laboratory with the experimental and DSP work.
Ericsson and their collaborators provided the Optical Dispersion Compensator. |

performed all the ODC transmission experiments, collected, and processed the data,
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and wrote the manuscript. All co-authors reviewed the manuscripts [14].

Although MZM based IM/DD systems are preferable for higher throughput, direct
modulation of laser diodes is attractive for higher modulated output power, cost-
effectiveness, and compact footprint. However, the nonlinear response of directly
modulated lasers (DML) and the interplay between chirp and CD makes it difficult to
predict the performance of a PAM4 signal in a DD system over positive and negative
dispersion regime. Although in prior works DML based PAM4 transmission system is
explored, it has been mostly limited to a specific DML. Therefore, we study the BER
dependency of PAM4 signal under varying transient and adiabatic chirp parameters
over a range of transmission distances and verify the observed trends experimentally
with eye diagrams and BER measurement. We demonstrate that unlike a chirp-free
transmitter, the BER of a DML/DD system does not increase monotonically with
increasing fiber dispersion; rather, there is a noticeable BER improvement in particular
CD ranges, which depends on DML’s transient and adiabatic chirp parameters, output
average power, and the considered symbol rate. Furthermore, with the aid of optical
filtering, we transmit 32 Gbps PAM4 signal using DML over a dispersion range of -170
ps/nm to 340 ps/nm, without any DSP, showing the potential of DML in low-cost
transceivers.

Chirp managed lasers (CMLs) were introduced as a solution to extend the transmission
reach and improve receiver sensitivity by tailoring the spectrum of the DML using an
optical filter. We present a simple semi-analytical approach for designing the optical
filter for CMLs. This approach can be applied to design the filter for both OOK and
multilevel modulation formats (PAM4). We also show that as the modulation speed
increases, optical filtering alone may not be sufficient to extend the reach, and efficient
DSP should be utilized as well. With the aid of a proper optical filter and DSP, we
demonstrate 35 Gbaud PAM4 transmission over 20 km of standard single mode fiber,

showing the potential of a low-cost C-band DML-based transceiver solution.
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I performed all the simulation, transmission experiments, collected, and processed the
data, and wrote the manuscripts. R. Maram helped extensively with the initial
simulation and with the design of the appropriate filter. All co-authors reviewed the

manuscripts [15, 16].
Self-coherent single sideband systems for 40 km C-band Transmission (Chapter 5)

e Self-coherent (SC) single sideband (SSB) direct detect (DD) systems are theoretically
immune to CD induced power fading. Hence it is a promising choice to increase the
throughput-distance product in C-band. The major issue lies in generating high quality
SSB signal. The most conventional ways to generate SSB signal require either two
high-speed DAC channels or one DAC channel with a sharp optical filter. In the thesis,
we propose the use of RF skew in conjunction with an optical filter to create vestigial
single sideband (VSB) signal, which can be propagated over 40 km of SSMF in the C-
band. We analyze the transmission performance 0f200 Gbps PAM4 signal in simulation
with the proposed method. Followed by that, we conduct a single channel and four
channel experiment and demonstrate 200 Gbps signal transmission over 40 km of
SSMF.

I performed all the simulation, transmission experiments, collected, and processed the
data, and wrote the manuscripts. X. Li helped with DWDM experiment, and in writing

the manuscript. All co-authors reviewed the manuscripts [17].

1.4 Thesis organization

The remainder of this thesis is organized as follows.

In Chapter 2, we present a brief background of different optical communication systems,
primarily focusing on conventional IM/DD systems. We describe the fundamentals of the thesis,
i.e., the concepts and techniques upon which the subsequent chapters are developed. We then

discuss some common sources of impairments in IM/DD systems and the classical DSP
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algorithms to handle these. In addition, we define some performance metrics that are used

throughout the thesis.

Chapter 3 presents our works on short reach (500 m — 10 km) high throughput IM/DD systems
with SiP and TFLN MZM. In section 3.2, we focus on the characterization of different SiP
designs and large signal transmission at 200 Gbps. Followed by that, in section 3.3, we present
a higher data rate of 300 Gbps transmission with the best MZM design using upgraded DAC
and advanced DSP. In section 3.4, we employ a high bandwidth TFLN MZM to enable net 350

Gbps transmission with simple DSP. The chapter is based on our published works [11-13, 18].

Chapter 4 deals with C-band transmission with DML and MZM over 10 km to 20 km reach.
Section 4.2 shows the potential of a SiN optical dispersion compensation (ODC) in
compensating CD of 10 km SSMF, which is based on our paper [14]. In section 4.3 and section
4.4, we present our work with DML. First, we look at the DML performance over different
propagation distances and study the impact of chirp-CD interaction, which is based on our
paper [16]. Then we propose a semi-analytical approach for deterministically designing an
optical filter to extend the reach of PAM4 DML signal. We start with extensive simulation,
followed by experimental verification. We also utilize the necessary nonlinear DSP to enable

higher throughput. The contents of this section are based on our paper [15].

In Chapter 5, we focus on advanced DD systems, based on SC-SSB signaling. In this chapter,
we use a dual drive MZM (DD-MZM) that can generate VSB signal with the aid of RF skew.
We start with a simulation study of the impact of RF skew for 112 Gbaud PAM4 signaling over
40 km of fiber in the C-band. Since RF skew is not enough for high symbol rate signals, we
employ an additional optical filter to create high quality SSB signal. Next, we demonstrate the
applicability of the proposed method in a single channel (wavelength) and four channel WDM

system. This chapter is an expanded and updated version of our conference paper [17].

Chapter 6 summarizes the key achievements of the works presented in the thesis. In addition,

we point out some potential research directions in the future in this chapter.
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Chapter 2 Fundamentals of Direct Detect

Communication Systems

2.1 Overview

In this chapter, we give a brief introduction to the fundamental architecture of intensity
modulation direct detection (IM/DD) system and the state-of-the-art DSP algorithm that will
be utilized in most of the experiments. Since we will use some advanced direct detect methods
as well, we start our chapter with some fundamentals of both intensity modulation and coherent
modulation in section 2.2 and 2.3. We then present Stokes Vector Direct Detect (SVDD) and
single sideband modulation that act as a bridge between IM/DD and coherent system in

subsequent sections. We then discuss the main system impairments in section 2.7 and 2.8.

We use digital signal processing to tackle the transmission system impairments, and these are
applied both at the transmitter (Tx) and receiver (Rx). In section 2.8, we describe the basics of
the employed DSP techniques. We end the chapter with some metrics that are commonly used

in optical communication.

2.2 Fundamentals of Intensity Modulation Direct Detection
systems

The simplest form of optical communication system is an intensity modulation direct detection
(IM/DD) system and is widely employed in short reach applications. Here, at the transmitter,
data information is modulated onto the intensity of the signal and a photodiode is used at the
receiver that generates photocurrent proportional to the power of the incoming optical signal.
The standard architecture of an IM/DD system is shown in Fig. 2.1. We should point out that

DAC, ADC, and DSP are not mandatory in an IM/DD structure in its simplest form, simple
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pulse pattern generator (PPG) and Error detector (ED) can be used instead of more expensive

DAC and ADC.

Intensity modulation can be done in two ways: direct modulation and external modulation [19].
In direct modulation, optical output power from a laser is controlled through electric current
(known as injection current) fed to lasers. Vertical Cavity Surface Emitting Lasers (VCSEL) or
distributed feedback lasers (DFB) are commonly used for direct modulation. This simple form
of modulation is limited to shorter reach and distance because of response speed limitation and
chirp effect (described in subsequent sections). External modulation requires a continuous
wave (CW) light source followed by a modulator, where the amplitude, phase, or frequency is
changed according to modulating signals applied on electric input ports. Here, the refractive
index or absorption coefficient of modulator material are changed by the applied electric field.
High speed external modulation can be achieved by electro-absorption modulator (EAM) or
electro-optic modulator (EOM). The EAM and the light source are often integrated together,
and commonly terms as an electro-absorption modulated laser (EML). In EOM, electro-
absorption (EO) effect changes the refractive index of the material (with some unintentional
change of absorption coefficient as well), which induces a phase shift of lightwaves. An optical
interferometer structure is therefore needed to convert this phase shift into intensity
change. The interferometer can be realized by Michelson interferometer, Fabry-Perot
interferometer, or Mach-Zehnder interferometer (MZI). The EO modulator with MZI structure
is called a Mach—Zehnder modulator (MZM) and is widely used for high electro-optic (EO)
bandwidth, and in this thesis. An excellent review of high-speed electro-optic modulators is
given in Ref. [20]. In our thesis, we use either DFB based DML (chapter 3) or MZM (chapter

2 and 4) for intensity modulation.
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Fig. 2.1 Standard IM/DD system structure with DSP blocks.

As mentioned previously, the information signal can be generated by a pulse-pattern generator
(PPQG) or a digital-to-analog converter (DAC). For high-speed operation DAC and DSP are
essential. Details of the Tx and Rx DSP blocks will be given in section 2.8. The output swing
of PPG or DAC is usually limited to 600-700 mV and is usually too small to drive a modulator.
This output is thus usually amplified by an RF amplifier (linear driver) before driving the DML

or MZM.

The modulated signal is then propagated through the fiber. In this work, we mostly focus on
intra-datacenter and inter datacenter links. These links are between 300 m to 40 km. Since the
length scale is too long for multi-mode fiber (MMF), we only deal with standard single mode

fiber (SSMF) as the transmission medium.

At the receiver, one single-ended photodiode (PD) is required to detect the signal. This can be
either avalanche photodiodes (APD) [21] or traditional  p-type/intrinsic/n-type (PIN) PD [22].

The photocurrent produced by the PD needs to be amplified before detection and a
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transimpedance amplifier (TIA) is used after photodetection. For Rx DSP, the electrical voltage
after PD or PD+TIA is sampled by an analog-to-digital converter (ADC) channel. We use a

real time scope (RTO) as ADC, which usually runs at 80 GSa/s — 256 GSa/s.

In our thesis, we keep ourselves limited to only pulse amplitude modulation (PAM). Apart from
PAM, Discrete Multi-Tone (DMT) and carrier-less amplitude and phase modulation (CAP)
have also been investigated in short reach. DMT, also known as direct detected (DD) OFDM
has been shown to be useful when there is severe ISI due to bandwidth limitation or power
fading. Like OFDM, DMT enables bit loading or power loading that allow a flexible set of
modulation formats for each subcarrier that are optimized with respect to the channel transfer
function to maximize bit rate or maximize power margin. As a result, DMT shows improved
performance when power fading distorts the transmitted signal [23]. But this comes at the price
of high transmitter and receiver DSP complexity, and it also puts higher load on the DAC and
ADC. A nice comparison among PAM, DMT and CAP can be found in Ref [23] for the

interested readers.

2.3 Fundamentals of Coherent Systems

A dual polarization (or polarization-multiplexed) coherent system with common DSP
configuration is shown in Fig 2.2. This system can modulate and recover all 4 dimensions or
degrees of freedom (DOF) of a single wavelength (L) [24-26]. These are the 2 quadrature (I
and Q) and 2 orthogonal polarizations (x or y). The transmitter of the full dual-pole coherent
system consists of 4 to DAC channels for the generation of baseband electrical signal and a
dual-pol IQ modulator modulates the information onto the optical carrier. A standard
polarization and phase diversity coherent receiver consists of a local oscillator (LO) laser, two
90° optical hybrids and 4 balanced photodetectors (BPD). After coherent detection, the

baseband electrical signals are sampled by 4 ADC channels.
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Fig. 2.2 Standard digital coherent transceiver system with DSP blocks (reproduced from [1])

The transmitted signal in the x (or y) polarization can be written as:
Eoai)(®) = ) Dyt = KTy)
k

where, by x(y)are the k™ information symbols in the x(y) polarization, p(?) is the pulse

shape and T is the symbol period respectively. In Jones space, it can be represented as:

E, |E, | e’ arelEx}
E = [Ey] = [lEylejarg{Ey}

In a short reach fiber-optic channel, major transmission impairments include:

a) Chromatic dispersion (CD) characterized by the transfer function Hgp(w) =
e J@*B2L/2 (details will follow);

b) Polarization-mode dispersion (PMD) characterized by the 2x2 PMD matrix Hppp(w)

The major challenges to deal with in a full coherent transmission system in short reach

scenario lies in its system and DSP complexity, which makes it harder to integrate it in a small

form factor pluggable module [27]. Therefore, current research mostly involves developing
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low-cost solutions with both device and DSP design. However, since coherent system utilizes
all four DOF, it can achieve a much higher throughput on a single wavelength, and coherent

for short reach is being actively investigated in DCI application [28].

2.4 Fundamentals of Stokes Vector Direct Detect (SVDD) System

IM/DD system allows encoding information in only one degree of freedom and as such to get
higher throughput for a single wavelength or single fiber, there are only two options: either to
increase the symbol rate or to go for higher order modulation format. But higher symbol rate
requires all the system components to have a higher bandwidth, which is not the best choice
after a certain value. On the other hand, higher order modulation format, like PAM8 or PAM16
requires very high SNR and puts a very high strain on DAC and ADC. Stokes Vector Direct
Detect system allows polarization multiplexing using direct detect receivers without the aid of

a local oscillator. In Stokes space, an optical field E is represented in the Stokes space by a 3D
real vector S=1[S; S, S3]T where S; = |E;|? — |E3A,|2, S, = 2Re{EzE;"} and S; =
—21m{E,?E§,*} where Ez and Ej are the complex fields resulting from projecting the dual-
polarization field E onto two orthogonal polarization states. So, we can write the transmitted

Stokes vector as Sgq = |Eex|” — |Eey|” Sez = 2Re{ExEi,} and S,3 = 2 Im{E,,E;,)

' 2 2 . :
with Sgo = \/Stz’1 +S2, +S% = |Ecx|” + |Ecy|” representing the total transmitted power,

which is not impacted by polarization rotation [29].

After propagation, the fiber channel results in a unitary transformation and the received Stokes

vector are given by [30]:

2 2
Sro |Erx|” + [Eryl 1 0 0 0 St,0 St,0
Sra _ |Er,x|2 - |Er,y|2 _|0 cos@ —sinbcose sinbfsine | St -R. St
Srz2 2 Re{E, .E;,)} 0 sinf cosOcose —cosBsine| |Se2 St

S 0 0 sing COoS € S S
73| 2im{E, .E; ) 3 3

where, R is the unitary matrix that represents polarization rotation and € and ¢ are the polar and
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: : . : 2
azimuthal angle respectively. The Stokes vector includes four components, i.e., |Etx|

2

|Et'y|2,Re{Et,xE§y}and Im{Et,xE{f‘,y}, and contains 3 degrees of freedom i.e. signal power in

orthogonal polarizations and the inter-polarization phase difference. Therefore, one can
construct a Stokes vector receiver to support 3-dimensional modulation formats and increase

the overall transmission capacity.

Fig 2.3 shows a typical 2-dimensional (2D) PDM-DD system, where two independent
information streams on two orthogonal states of polarization (SOPs) from a single laser are
modulated by two intensity modulators. The SVR comprises a polarization beam splitter (PBS),
two 70/30 power splitters and a 90° optical hybrid followed by two balanced and two single
ended photodetectors [30]. One balanced PD can be used as well to replace the two single
ended ones. The DSP block consists of one 1 X 1 SISO and one 3 X 1 MISO filter. The SISO
filter with real valued filter taps is used to mitigate the residual inter-symbol interference (ISI)

and obtain the estimate SA},O = hyo ® Sy. Torecover S;4,a3x1 MISO finite impulse response
(FIR) filter with h, ,h, and h, is used. SAmis given by .SA'M =h;1 ®S+h;1 ®S, +

h31 ® S3. The filter taps of SISO and MISO filters are initialized using training symbols and

least-mean-squares (LMS) and switch to decision-directed (DD) mode upon convergence.

x(y) = |Et,x(y) |2 — |E't,x(y) |2 denotes the error signals of the x (y) polarization signal.
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Fig. 2.3 (a) Block diagram of the DP IM/DD system and (b) MIMO DSP for polarization demultiplexing.

It is also possible to transmit a complex signal using IQ modulator on one polarization and a

constant carrier on the other polarization and use the same SVR at the receiver [31]. This self-

coherent scheme also allows for CD compensation as we have access to the complex field. By

using a phase modulator (PM) along with an intensity modulator (IM) in one polarization and

IM 1in other polarization, 3D PDM-DD can also be realized [32]. The receiver structure can be

the same as shown in Fig. 2.3, just the receiver DSP needs to be updated using 4x4 MIMO

filter.

2.5 Fundamentals of Single Sideband Self-coherent Systems

Single side band (SSB) signaling is a promising way to overcome the CD induced power fading.

There are several ways to generate an SSB signal. The most straight forward way is to use two
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separate digital-to-analog converter (DAC) channels, where the channels carry the Hilbert
transform pairs of the DSB signal and an IQM is used to modulate this complex waveform [33].
Alternatively, SSB signals can be generated by rejecting one sideband of a real-valued double
sideband (DSB) signal [34], thus using a single DAC channel. This scheme creates a vestigial
sideband signal (VSB) due to the limited edge sharpness of the optical filter. Dual-drive MZM
(DDMZM), biased at intensity quadrature can also generate SSB signals by applying a Hilbert
transform pair of signals to each of the modulator arms [35]. Instead of using two separate
DAC channels, one DAC channel followed by a wideband quadrature hybrid (WQH) can be
used to get a Hilbert transform pair of signals to generate the SSB signal. Different transmitter
configurations for self-coherent SSB scheme are described in detail in [36]. At the receiver the
transmitted signal can be recovered by the Kramers-Kronig (KK) receiver for post-CD
compensation [37]. Iterative SSBI cancellation algorithm can also be used to reconstruct the
single sideband signal. DD only enables the transmission up to tens of kilometers. But SSBI
cancelation or Kramers-Kronig (KK), though more complicated, enables transmission up to

hundreds of kilometers in C-band.

SSB/VSB

-
receiver

with DD-MZM or, IQM

Hilbert Transform pair
L or, EML+DML

Tterative SSBI
cancelation

RF hybrid or
RF/optical delay

Optical spectral
shaping with
MZM

Fig. 2.4 SSB/VSB system architecture

In thesis, we limited our system analysis to 40 km or below. Therefore, CD compensation is
not mandatory. In chapter 5, we employ the KK algorithm, which is described in detail in Ref

[38] and in several prior works [37, 39].
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2.6 Transmission System Impairments in an IM/DD system

The impairments in an IM/DD system come from both the device and the fiber (transmission

medium). The major impairments for short reach IM/DD are briefly introduced in this section.

2.6.1 Bandwidth limitation

The major impairment in a practical IM/DD system comes from the bandwidth limitation of
different RF components and E/O and O/E devices. These include DAC, RF amplifier, RF
cables, DML, EML or MZM, PD, TIA and ADC. In Fig. 2.5, we show the bandwidth response
of two devices: (a) DAC employed in section 3.3 and 3.4, (b) DML employed in section 4.3
and 4.4. This BW limits the maximum symbol rate signal one can transmit. These low-pass
responses broaden the transmitted pulse and cause inter-symbol interference (ISI). Usually
most of the BW limitation comes from the transmitter side, i.e., DAC and modulator. Therefore,
there is a significant need to improve the BW of these devices. High bandwidth ADC and PD
are already commercially available. We discuss the BW response of SiP and TFLN MZM in
more detail in chapter 3. The RF drivers and TIA are sometimes designed with intentional
peaking at higher frequencies to partially compensate for these low pass filtering effect. The

RF packaging also distorts the signal bandwidth and is crucial for high-speed operation.

'(a) DAC Re'spose ' ' ' 51 (b) DML Respose

$21 [dB]
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°| Power=4.5,¢5,9.5,12.5dBm
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5 10 15 20 25
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Fig. 2.5 (a) Response of Keysight DAC with RF cable, (b) DML EO response at different bias currents (F,,4)
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2.6.2 Chromatic Dispersion (CD)

CD is the main limiting factor for higher transmission reach and higher capacity. This linear
effect occurs when different frequencies of light propagate with different group velocities.
Fiber chromatic dispersion broadens the optical pulse and eventually leads to spectral fading
when direct detection is used. The transfer function of CD in the frequency domain for a

propagation over a distance L is given as:
Hep(w) = e J@°FaL/2;

where, f3, is the CD coefficient at the laser’s operating frequency, which represents the group
velocity dispersion and w is the angular frequency deviation from that of the laser. The most
commonly deployed fiber in networks (ITU G.652) is known as dispersion-unshifted single
mode fiber, which we refer as standard single mode fiber (SSMF) and it has almost zero
chromatic dispersion in the optical window around 1310 nm (O-band) but exhibits a higher CD
in the 1550 nm region (C-band). At 1550 nm, for SSMF p, is approximately —21.66

ps*/km. f3, is related to the fiber dispersion coefficient, D, via the familiar formula [40]:

21cC
D) =~—5 P

where c¢ is the speed of light in a vacuum.

We use both 5, and D as a measure of dispersion throughout our thesis. For SSMF, at 1550
nm, D is approximately 17 ps/nm-km. This means for every km of fiber propagation, a pulse
with a 1 nm spread of wavelengths will disperse by 17 ps. Therefore, in absence of laser chirp,
the pulses will be broadened in the time domain, and each pulse will interfere with the

neighboring leading to ISI.

Now, let us look at the fiber response for IM/DD transmission system in more detail. The

channel response for CD can be written as [41]:

Hiyopp(f,L) = | COS(B(f'L)) - Sin(e(ffL))-HIMHPM(f' L)| (2.1)
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Here, Hjyopp(f,L) is the complex small-signal transfer function between intensity and
phase modulation, which is essentially the frequency chirp; 6(f,L) is the phase variation

induced by CD and can be expressed as 0(f,L) = —2m?f,f L.

For an MZM in a pull-push operation, i.e., the driving RF signals are V,(t) and V,(t) =
—V;(t), make the optical signal to be purely intensity modulated with no phase modulation
(Hipopm = 0). Fig. 2.6 (a) shows the frequency response for a C band SMF transmission with

zero chirp over different transmission distances.
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Fig. 2.6 Frequency response of fiber channel (SMF) in C band: (a) For different distances (o = 0), (b) For 5 km

transmission with different chirp (a)

But, when a dual arm MZM is driven by two different RF signals that are not purely differential,
a chirp factor (o) arises, which interacts with dispersion and shifts the frequency nulls. Chirp
also arises in directly modulated laser (DML) and electro-absorption modulated laser (EML).
Anice comparison among DML, EML and MZM can be found in Ref [42]. Both BW limitation,
and CD induced power fading cause ISI. Usually, receiver equalization can tackle the ISI from
BW limitation. However, the notches in the power spectrum are hard to compensate and puts
an upper limit to the reach and symbol rate. From Fig. 2.6, we can see that for 10 km
transmission in the C-band, the first notch in the spectrum is at 18 GHz. This means, any signal
with a BW of more than 18 GHz would not be easily recoverable by simple DSP. Therefore,

for IM/DD transmission, O-band transmission around 1310 nm is favorable. However, even
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for O-band, the channels that are farther away from the zero-dispersion wavelength will

experience power fading, which limits the maximum symbol rate-distance product.
2.6.3 Frequency Chirp

In DML, due to the dependence of refractive index on the applied electrical current n(I), the
change in the optical intensity is accompanied by the phase modulation (PM), which causes
transient frequency chirp. Additionally, the gain compression of the active medium causes
frequency modulation (FM) by the adiabatic chirp. The chirp §f(t) of DML is related to the

laser output optical power P(t) through the expression:

010 = 47 Ppy(t)  dt

a 1 dPpy(t)
41

+ KPDML(t)> (2.1)

where a is the linewidth enhancement factor (also known as Henry parameter) and k the
adiabatic chirp coefficient [43]. In 2.1, the first and second term represents a structure-
independent transient and adiabatic chirp, respectively. From the laser rate equation, Kk is

2ye

definedas k = ROV [Hz/W]. Here, y = Confinement factor, ¢ =Gain Compression Factor,

1 = Quantum Efficiency, hv = Photon Energy, V = Volume of the active layer.

In an EML, adiabatic chirp coefficient k is close to zero, and EML/DD system suffers only
from the transient chirp. In the following chapters of this thesis, we only focus on DML and
MZM based systems, and equation 2.1 will be explained in greater detail. EMLs usually have
slightly negative transient chirp (a < 0), which can help extend the transmission reach as

shown in Fig. 2.6 (b).
2.6.4 Noise

Noise limits the achievable signal-to-noise (SNR) in an IM/DD system. It can come from both
optical sources and electrical devices. DAC, ADC, RF drivers and TIA all add thermal noise.

This is approximated as additive Gaussian white noise (AWGN). There is laser phase noise,
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which follows a Wiener process and relative intensity noise (RIN) [44]. RIN is important in an
IM/DD system since it sets the maximum achievable electrical SNR at the receiver for a signal
at a given symbol rate [45]. Although fiber amplifiers (EDFA or PDFA) are not practical in
short-reach communication, they are employed in experimental verifications in several works.
Amplified spontaneous emission (ASE) noise from fiber amplifiers is a major noise source
when employed in a DD system. DAC and ADC also add significant amount of noise. The first
one is the quantization noise due to the nominal bit resolution of DAC and ADC. There are also
harmonic distortions, clock leakage, and the flicker noise limiting the SNR [46]. In our
simulation results presented in chapter 4, we mostly focused on noise coming from the PD and
TIA. PD adds both thermal noise and shot noise. In DD systems without EDFA/PDFA, TIA is

the main source of noise and dwarfs other noises.

2.6.5 Loss

Loss is an inherent part in any communication system. Losses in fiber transmission systems
primarily come from the fiber itself. The SSMF has a loss (or, attenuation) coefficient of ~0.2
dB/km in the C-band and ~0.32 dB/km in the O-band. In the long haul, this fiber loss is
compensated periodically by amplifying the optical signal by means of optical amplifiers. But
for short-reach, optical amplifiers are not preferred. Due to higher loss coefficient, O-band
transmission is limited to 10-20 km. There is also excess loss from different optical components
(like optical filter, modulator etc.) and loss due to light coupling (grating coupling or edge

coupling).
2.6.6 Device and fiber nonlinearity

In short-reach, device nonlinearity can be a major issue, specifically with higher order

modulation format. The RF amplifiers and TIA are the main source of this nonlinearity. MZMs

are inherently nonlinear (sinusoidal), as the power transfer function of an MZM is given by:

Pyt 1 1
== +=cos(4¢(t
P2 + 2cos( o))
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where A¢(t) is the phase difference between the two arms of the MZM. The MZM is biased
at the quadrature point and driven with a signal to be within the linear region of the power
transfer function. The modulation mechanism (material linearity) also adds nonlinearity. [47]

gives a nice overview of the modulator material impact in optical communication.

Another source of nonlinear impairment is the optical fiber itself. The propagation in a SMF is
governed by the nonlinear Schrodinger (NLS) equation [40], which indicates the leads to the
third order nonlinearly. This third order nonlinearly, known as Kerr nonlinearly gives rise to
self-phase modulation (SPM), cross phase modulation (XPM) and four wave mixing (FWM)
at high launched optical power. FWM generates undesired alien signals of growing power with
distance at frequencies that match those of existing signals when multiplexing is done on a
frequency grid. In the O-band, due to propagation close to zero dispersion wavelength, the
phase-matching condition can be satisfied easily, causing FWM for CWDM transmission. But

in the C-band, due to the accumulated CD, FWM can be neglected.

Finally, due to adiabatic chirp, DML shows frequency modulation (FM) along with amplitude
modulation (AM). This causes timing skew that comes due to the velocity difference of the
different levels of PAM4 signal. In the anomalous dispersion (D > 0) region, the upper
intensity levels (higher frequency components) travel faster than the lower ones and causes a
skew (and vice versa for the normal dispersion), which can be predicted assuming an ideal
transmitter/receiver. The peak-to-peak chirp can be approximated based on equation 2.1

(neglecting transient chirp effect) as:

a
6fi7p = 6fad,high — 8 fad,tow = Ek (Phigh - Plow)

If a=3and k =5 GHz/mW (typical values), for an OMA = Pp;gp — Pipyy = 5.2 mW, the
peak-to-peak chirp, 8f,, =6.2 GHz. This will cause the top level to arrive 25.3 ps earlier than
the lowest level after 30 km (total €D = +510 ps/nm) for 1550 nm transmission. This
ATggew = 25.3 ps will cause significant BER degradation as this amounts to 31% of UI (unit

interval). Therefore, even with a decent eye-diagram, the BER can be quite degraded. For O-



Page | 26

band operation the skew will be lower (18.1082 ps) for the same amount of CD. This skew sets
a limit to the maximum transmission distance, which directly depends on the OMA and DML

parameters. In Fig. 2.7, we show the impact of nonlinear skew, when transient chirp is absent.

00 80 60 40 20 0 20 40 60 s R A A
Time [ps]

Time [ps]
B2B (0 ps/nm) 9 km (+153 ps/nm) 18 km (+306 ps/nm)

00 80 460 40 20 0 20 40 60
Time [ps]

Fig. 2.7 Optical eye diagram after different amount of CD for F,,;=10 mW, OMA = 5.2 mW, with o= 3 and «
=5 GHz/mW (1550 nm transmission) in absence of transient chirp at 12.5 Gbaud.

The interaction of DML chirp and CD can also be regarded as nonlinearity. To demonstrate this,

we show the eye diagrams for a DML after different amount of accumulated CD in Fig. 2.8.

Optical Eye Diagram

0 0
Time [ps]

Time [ps] Time [ps]
-306 ps/nm -153 ps/nm

Time [ps]

+510 bs/nm

Fig. 2.8 Optical eye diagram after different amount of CD for F,,; = 10 mW, OMA = 52 mW, with a =3
and k¥ =5 GHz/mW (1550 nm transmission).
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2.7 DSP Blocks

2.7.1 Overview

DSP has become an essential part for high-speed IM/DD transmission to tackle bandwidth
limitation and nonlinearity. We give a brief overview of some standard DSP algorithms that we

will mention frequently throughout the thesis.

2.7.2 Forward Error Correction (FEC)

Forward error correction (FEC) is an integral part of most digital communication scheme for
reliable communication (BER < 1071%). Although usually adopted for coherent communication,
FEC has now become common for IM/DD systems. The FEC adds redundancy through parity
check constraints to increase distance properties of transmitted codeword sequences [48]. In
our works, we do not implement the FEC, rather only report the pre-FEC BER or normalized
generalized mutual information (NGMI). Net coding gain (NCG) is a metric to evaluate the
performance of FEC schemes, which is defined as the difference between Ej,/N; of the
uncoded and coded systems at a given bit error rate (BER) threshold. For error free
communication, the widely accepted BER threshold is 10", Throughout our thesis, we focus
on two main types of FECs, soft-decision (SD) and hard-decision (HD). SD-FEC offers a
higher NCG, and therefore we mostly use it when we employ higher order PAMS or PS-PAMS
format. The overhead (OH) is another important parameter that we need to keep in mind when
choosing one FEC over the other. A higher OH FEC usually gives a higher NGC and can work
with a higher pre-FEC BER. However, it requires higher encoding/decoding latency, and
implementation complexity. For PAM4, we frequently use KP4 FEC, which is based on Reed-
Solomon RS (544, 514) code, with an OH of 5.8% and BER threshold of 2.26x10*. We also
use 6.7% OH, Proprietary “P-FEC” with a BER threshold of 3.84x107. Interested readers are
encouraged to check [49] for a list of HD-FEC BER thresholds of certain codes recommended
for optical communications. However, as pointed out in [49, 50], pre-FEC BER is not reliable

for post-FEC BER prediction in SD decoding systems. Generalized mutual information (GMI)
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is a more precise metric with SD decoding. Therefore, we adopt a practical SD-FEC coding
scheme where spatially coupled low-density parity-check code (code rate of 0.8469) is
concatenated with an outer hard-decision, BCH code (8191,8126,5) [51] and compute the

NGMI to evaluate the transmission performance [50]. The combined FEC code rate is 0.8402,
and the NGMI threshold is 0.8798. The OH is therefore 1/ 0.8402 — 1 or, 19.02% for this SD-

FEC.

One more point to note here is that we use the terms ‘net rate’ and ‘throughput’ interchangeably.
Similarly, ‘raw data rate’ and ‘gross data rate’ are used synonymously. These two terms are
related as: Net rate = raw data rate/(1+ OH). So, for net 200G, we need to operate at
106.7 Gbaud for PAM4 signaling assuming 6.7% HD-FEC BER threshold of 3.8x107. With
SD-FEC, we need to achieve an NGMI above the adopted NGMI threshold. A set of NGMI

thresholds for concatenated coding scheme can be found in Ref. [52].

2.7.3 Symbol Generation

In our thesis, we work with pulse amplitude-modulation (PAM) formats of different orders.
The simplest form is PAM2, with just two levels, which is also known as non-return-to-zero
(NRZ) or on—off keying (OOK). In our thesis, we mostly focus on PAM4 format, with four
amplitude levels with equal Euclidean distances. Similarly, PAMS8 or PAM16 will have 8 and
16 levels, with equal occurrence probability and equal Euclidean distances. PAM4, PAMS,

PAM16 carry 2, 3, and 4 bits of information, respectively.
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Fig. 2.9 (a) Power levels of a PAM-M transmission, (b) Voltage levels of a PAM4 signal.
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For the same bit rate, PAM-M (M = 2?) requires operation at 1/b times the symbol rate of
PAM2 signaling. However, because of the M levels in the same time period, eye opening
decreases, and it requires a higher SNR. For example, a PAM4 eye diagram has three inner and
smaller eyes, and thus the decision threshold is 1/3 of an OOK signal of the same bitrate and
same outer eye height. Combining the effect of the reduced noise and reduced eye opening,

PAM-M has an SNR change relative to OOK of:

ASNR = V;:le’”, or, ASNRgz = 10 log,oVb — 10 log;o(M — 1)

Going to PAMS8 from PAM4 or OOK, requires much higher SNR, and is therefore hard to

achieve. In our thesis, we limit ourselves to a maximum of 8 levels.

Fig. 2.9 shows that power levels of PAM-M format. When the occurrence probability is equal,
the average transmit optical power P can be calculatedas P = %Z’i”:f,l P;. Two other terms that

will be frequently used are outer Optical Modulation Amplitude (OMA) and extinction ratio
(ER). OMA is defined as OMA = Ppigp — Poyy and ER = Pp;gp /Py ; Which depends
directly on the F,,; and OMA. When BW limitation is severe, one can use partial response
signaling [53, 54]. We use duo-binary (DB) PAM4 later in chapter 3. Although DB signaling
lowers BW requirement [55], it increases SNR requirement due to increases number of levels.
Because of the higher SNR requirement, PAMS signaling is hard to transmit and requires SD-
FEC. To transmit signals between 2 to 3 bits/symbol, we adopt PAM6 and probabilistic shaping.
Here, PAM6 symbols are generated from a 32-QAM (6x6 grid with corner points removed)
2D constellation which maps five bits into two symbols with a spectral efficiency of 2.5
bits/symbol [56] as shown in Fig. 2.10. Since, the corner points from the 6x6 grid are removed,

the outer symbols (£5) are sent with less probability as is depicted in the figure as well. The
probability of each amplitude level is: 1/ 16 [2 3 333 2]. Similarly, it is possible to create

PAM3 from 8-QAM or PAM12 from 128-QAM constellation.
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Fig. 2.10 (a) PAMG6 constellation diagram reconstructed from two consecutive symbols (2D), (b) Histogram of
the transmitted symbols.

Another way to achieve tune entropy or spectral efficiency with a finer granularity is
probabilistic shaping (PS). PS has been used commonly in coherent optical communication to
achieve channel capacity [57]. PS signals usually follow the Maxwell-Boltzmann (MB)
distribution, which has the highest entropy at a given signal power for a memoryless AWGN
channel. Although PS adds complexity, it is now being investigated for IM/DD systems as well
to achieve higher throughput. In our thesis, we use both constant composition distribution
matching (CCDM) [58] and cost-minimizing distribution matching (CMDM) [59]. CMDM is
preferable since it requires a much smaller symbol block length with similar performance
(entropy loss) [60]. A term that we use with PS-PAM is the information bits per symbol (IBPS),

which we define as:

IBPS = H/(1+ OH), where H is the entropy of the transmitted signal in bits/symbol and
OH is the overhead of the adopted FEC coding. Uniform PAMS thus has an IBPS of 2.52

(=3/1.1902), when we use 19.02% OH SD-FEC.

2.7.4 Nonlinear compensation

As we mentioned previously, nonlinearity is an issue when dealing with higher PAM formats.

This nonlinearity (NL) can be compensated at the receiver with nonlinear equalization.
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However, most NL equalizers are quite complex. Therefore, it is desirable to partially
compensate for this at the transmitter as well. This can be simple memoryless level dependent
NL compensation, or memory-based compensation. In our thesis, we limited ourselves to
lookup table (LUT)-based nonlinear predistortion (NLPD) [61]. We will give an example of

this NLPD in section 2.9.5 and its performance in more detail in chapter 3 and 4.
2.7.5 Pulse shaping

Pulse shaping is an important part of transmitter signal processing to tackle the BW limitation.
We mostly use Nyquist pulse shaping filters, which follows the Nyquist principle of zero ISI.

Assuming a channel impulse response of h(t), the condition for zero ISI is given as [62]:

I;n=0
R ={,7 2

for all integers n, where, T is the symbol period. The most common pulse shaping filter is the
raised-cosine (RC) filter, which we will use throughout the thesis. The frequency and time

domain form of the filter for a roll-off factor a is given as:

( 1 | |<1—a
’ fl= 2T
1 nT 1—-«a 1—«a 1+«
H(f) = 451+ cos (T 171 =)
(1) =431+ cos (X171 - |) | 5 < 11 < 5
0 If] 1+a
\ ’ fl= 2T
T (1) . +T
41" \2a) - Ta
h(t) =41 t cos(n%“t
—sinc (—) 5, otherwise.
T 1 - (3
T

where, sinc(x) = sin (nx)/nx.

The roll-off factor (ROF), a (0 < a < 1) defines the excess BW of the filter, i.e., the
bandwidth occupied beyond the Nyquist bandwidth of 1/ o In coherent communication, it is

more common to split the RC filtering equally between the transmitter and receiver to
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maximize the SNR in presence of white noise. In that case, one would apply a root-raised-
cosine (RRC) filter at the transmitter and do matched filtering at the receiver. The RRC filter

is thus given as:

|HRRC(f)| = \/H(f)-

Although RC filtering is helpful in bandwidth limited scenario, it increases peak-to-average
power ratio (PAPR) of the signal and reduces eye opening and makes it difficult for the clock
recovery. Fig. 2.11 shows the eyes after pulse shaping to demonstrate the closing of eye opening

with lower o.

(a) ROF =0.1 (b) ROF=0.9
Eye Diagram

Eye Diagram

Amplitude
Amplitude

Time Time

Fig. 2.11 Eye diagram of PAM4 signal for two different ROF (o).
2.7.6 Pre-emphasis

High symbol rate signal transmission is gated by the low pass filtering effect of RF and EO
devices as described in 2.6.1. Linear equalizers at the receiver can compensate for the
frequency response of the channel including the severely band limited transmitter, but also
incur undesired noise enhancement. This can be resolved by pre-compensating the transmitter
frequency response using a FIR pre-emphasis filter. Several works have been conducted on
transmitter pre-emphasis targeting high speed coherent systems [63-65]. Since in most cases
the transmitter (DAC, driver, and modulator) is the main BW limiting factor, pre-emphasis

filter for the transmitter frequency response is most important. Pre-compensating the entire
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channel frequency response is also possible but usually not preferred since that would increase
the signal peak-to-average ratio (PAPR) and reduce the signal power from the DAC, thus
degrading the transmitter SNR. The pre-emphasis needs to be optimized based on the
transmitter SNR and ISI of the channel. In Fig. 2.12, we plot the frequency response of the pre-
emphasis filter for DAC and RF amplifier used in chapter 3, which shows that the depth of pre-
emphasis can be close to 20 dB. Going beyond that usually degrades the SNR and lowers output
signal swing considerably. In most of our experiments, we compensated for the RF transmitter
response by the pre-emphasis filter and receiver equalization dealt with the ISI due to

modulator, PD and TIA.

Normalized Response [dB]

-60 -40 -20 0 20 40 60
Frequency [GHz]

Fig. 2.12 Frequency response of the pre-emphasis filter for DAC and RF amplifier.

2.7.7 Receiver Equalization

Receiver equalization becomes necessary at higher speeds due to ISI coming from BW
limitation and power fading. It is even more important for higher order modulation formats
where the distortions become more severe. The ideal solution to combat ISI is maximum
likelihood sequence estimation (MLSE) [62]. However, MLSE uses Viterbi algorithm for
decoding, which is complex, and this complexity depends on the alphabet size, M and the

number of post-cursor ISI symbols, L as MLt Therefore, for higher order PAM formats,
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MLSE is usually not used unless, L is small. We use MLSE only in section 3.2 with PAM4
signaling after the post-filter, which is used to whiten the enhanced noise after feed forward
equalizer (FFE). We give a brief overview of linear and nonlinear FFE used in optical

communication, and more detailed analysis can be found in [1].
2.7.7.1 Linear feed forward equalizer (FFE)

The most common ISI compensation method in practical systems is the linear feed forward
equalizer (FFE), which is used in almost all experiments. In Fig. 2.13, we show the standard

block diagram of a linear FFE filter:

x[K] »

» Decision T Q[k]

Fig. 2.13 Block diagram of FFE (reproduced from [1])

\

Computation )

For sampled input signal x[k] to the FFE filter, the output is expressed as

N-1

yll = ) w®x[(k - DT]

i=0

(

where y[k] is the output of the equalizer samples, w; is the tap weight, N is the number of

taps, and T is the delay interval. FFE can operate at 1 sps, where T = Ty (symbol duration)
or at a higher sampling rate. Usually, it is limited to 2 sps, which means T = T5/2, and it is
also called T/2 spaced equalizer. In this thesis, we mostly use T/2 spaced FFE, unless mentioned
otherwise. The tap coefficients (or, weights) are usually updated by decision directed least
mean square algorithm (DD-LMS) [62]. It is a stochastic gradient descent algorithm where the

taps are updated to minimize the mean square error (MSE) based on the decided symbols y[k].
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Unlike zero forcing (ZF) equalizer, it will not eliminate the ISI completely, rather minimizes
the total noise power and the ISI. But it will still boost the in-band noise power, sometimes

resulting in poor equalization performance.
2.7.7.2 Decision feedback equalizer (DFE)

An alternative channel equalization scheme is decision feedback equalizer (DFE), where the
output y[k]is expressedas y[k] = x[k] — XN-;' w;9[k — i] and depicted in Fig. 2. For DFE,
the inputs are the symbols after decision, y[k] and it usually operates at 1sps. DFE is helpful
when there are spectral null due to CD. However, DFE suffers from feedback delays, decision

error propagation, and instability. Therefore, DFE and FFE can be used together to get the best

performance.
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Fig. 2.14 Block diagram of DFE (reproduced from [1])

2.7.7.3 Volterra nonlinear equalizer (VNLE)

Although linear distortions can be equalized by a linear FFE, it cannot compensate for the
nonlinearities that might be present in the system. These nonlinear effects can be tackled by
Volterra series based- nonlinear equalizer (VNLE) [66]. Although VNLE can be implemented
based on FFE or DFE, throughout the thesis we only consider FFE based VNLE. In this thesis,

by FFE, we mean linear FFE. The nonlinearities present in optical systems are mostly limited
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to third order. A third order VNLE is given as [67]:

yll = > wi@alte =TI+ ) > wyliy b)xl0k — i)TI[Ce = 1)T]

M3—1Mz—1M;—1

+ D> walin by )k — iDTIx[(k = )] x[Ck = 7]

i1=0 =iy iz=i,
Here, M;, M,, M; represents the memory lengths of first (linear), second and third order
terms, respectively. The main issue of VNLE is that it is much more complex than linear FFE
and the computation complexity is very high for a third order one. The relationship between
the memory lengths and the number of equalizer kernels is given in Table 2.1 [67]. The taps
can be optimized by using training symbol based LMS for coarse convergence (TS-LMS) and

DD-LMS for fine adaptation.

Table 2.1 Memory Length, Kernel Number, and multiplications/kernel (adapted from [67])

VNLE order Memory Length Number of Kernels Multiplications/Kernel
I M, N, =M, 1
2nd M, Ny, = M,(M, +1)/2 2
3rd M, N3 = M3;(M5 + 1)(M5 + 2)/6 3

2.7.7.4 Polynomial VNLE (PNLE)

The simplest form of Volterra nonlinear equalizer (VNLE) is Polynomial VNLE or PNLE. Here,
we use only the self-beating terms, which reduces the complexity significantly compared to a
full VNLE. It is also possible to reduce the complexity of VNLE by L;-regularization or

pruning [68] to reduce the number of kernels after the adaptation of the full VNLE.
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2.9 Performance Metric

To measure the system performance, we use several metrics throughout the thesis. Here is a

brief overview of the metrics:

2.9.1 Bit Error Rate (BER)

Bit Error Ratio or Bit Error Rate (BER) after FEC implementation is the ultimate metric to
characterize the system performance. However, as mentioned earlier, in our works, we only
calculate pre-FEC BER. In experiments, this BER is measured by calculating the number of
error bits and the number of total bits sent, i.c., BER = Errors/Total number of Bits. For
OOK, PAM4, or PAMS, the symbols are sent with equal probability and are gray coded.
Therefore, BER is just symbol error rate (SER) divided by bits/symbol. However, for PAM6,

there is a gray mapping penalty (GMP) since 32-QAM cannot be gray coded.

In simulation, to get to the BER confidence level at low error rates (107°), we need to transmit
very long symbol sequence, making the simulation extremely large. In this case, we use the
variances of detected levels to predict the BER, which gives very good approximation with the
true calculated BER [69]. This method is used in the simulation results presented in section 4.2
and 4.3. One thing to point out is that when the symbols are sent with unequal probability, like
PAM6 or PS-PAMS, the thresholds need to be calculated using the probability of each

individual levels, which should not be neglected.

2.9.2 GMI and NGMI

GMI is calculated from Log-likelihood ratios (LLRs) and quantifies the maximum number of
information bits per transmit symbol that can be transmitted with a vanishingly small error rate
under bit metric decoding (BMD) [50]. As mentioned, GMI is a more precise metric with soft
decoding across different channel conditions and modulation formats. Here, we calculate the

NGMI as:

NGMI(X;Y) =1 — (H(X) — GMI(X;Y))/m
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H(X) = — Yxey Px(x)log,Px(x) bits/symbol

where Y and X are the received and transmitted symbols, respectively, H(X) is the entropy
of the transmitted symbols (source entropy), with y being the PAM-M symbol set and Py (x)
being the probability of a constellation point x. m is the number of bits used for each symbol
based on the binary-reflected gray code and is defined as m = log,M for an M-ary PAM
(PAM-M). For uniform PAM-8, H(X) = m = 3 and for PS-PAM-8, H(X) is calculated from

the probability mass function of the symbol X.
2.9.3 Signal to Noise Ratio (SNR) and Q-factor

Signal to Noise Ratio (SNR) and Q-factor is a common metric, that is used frequently in digital
communication. SNR represents the ratio of the detected signal powers (not amplitudes) to
noise power. In the presence of AWGN noise, there is a direct relationship between SNR, O-
factor, and BER [69] and can also be used to predict BER. In coherent optical communication,
optical SNR (OSNR) and O°-factor are also used frequently as a performance metric. OSNR is
mostly normalized to 0.1 nm BW (12.5 GHz BW, assuming C-band). In IM/DD, due to the

presence of optical carrier, and absence of EDFA, OSNR is not used commonly.

2.9.4 Error Vector Magnitude (EVM)

Error vector magnitude (EVM) is another figure of merit for assessing the quality of digitally
modulated signals. When BER is small, EVM can be a good indicator of system performance.

Here, by EVM, we mean RMS EVM, defined as:

ZI};’=1|IR_TI;|2
N
2k=1 Iy

EVMgys = , where I, and I, represent ideal and received symbols.

295 RLM

Ratio Level Mismatch (also known as Level separation mismatch), is a figure of merit to
measure vertical linearity of PAM4 signal. According to IEEE 802.3 Annex 120D

Measurement, RLM is calculated as [70]:
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smallest separation between adjacent levels
RLM =

ideal separation

min (V3 - Vz, VZ - V]_, V1 - Vo)
Vs —V,

3

where, V,,V,,V,, V5 are the voltage levels of the four level signals. A linear transmitter as
shown in Fig. 2.15 yields RLM = 1. In Fig. 2.16, we show RLM values with eye diagrams for
a DML/DD system, which shows transmitter NLPD can improve the RLM and BER

significantly.
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Fig. 2.16 Eyes after DML and optical filtering. The top two eyes are when no pre-compensation is applied,

while the bottom pair are with pre-compensation.
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Chapter 3 IM/DD Transmission using Mach
Zehnder Modulator

3.1 Overview

The exponential demand for high bandwidth applications is causing a rapid increase in data-
center (DC) traffic, which is why cost-effective optical transceiver solutions are essential [71].
Since most of this traffic involves intra-datacenter and inter-datacenter links, intensity
modulation/direct detection (IM/DD) schemes are utilized because of the cost-effectiveness
and power efficiency. To keep pace with this growing demand, optical transceivers operating
at high symbol rates and higher order modulation formats are being investigated. PAM4 has
been adopted in IEEE 802.3bs standard for 400 GbE and a QSFP-DD800 MSA has started
working to extend the capacity of QSFP-DD pluggable module form factor from 400Gbps to
800Gbps. Though coherent is a strong contender for high-speed solution covering reach from
80 km and beyond, IM/DD solution will continue to dominate DR (datacenter reach for up to
500 m SMF), FR (fiber reach for up to 2 km SMF) and LR (long reach for up to 10 km SMF)
transmission in the foreseeable future [3]. For the next generation Ethernet targeting 800 GbE

and 1.6 TbE over short reach distances, 200 Gbps/A is thus an important milestone [72].

In this chapter, we therefore focus on achieving 200 Gbps/A transmission on two different
material platforms and discuss the choice of modulation formats and necessary DSP to enable
this per channel capacity. We start our chapter with the design, device characteristics of SiP
travelling wave MZM that shows a 3-dB BW of over 45 GHz, with a V; of 5.4 V. In section
3.2, we present results with both O-band and C-band designs. However, the transmission
performance here is found to be mostly limited by the 120 GSa/s AWG, which barely allows
us to reach 100 Gbaud. Therefore, we rely upon PAM6, PAM8 and PS-PAMS formats, and
transmit net 200G over 2 km with our best O-band design. To demonstrate the feasibility of

achieving 200G in SiP platform with PAM4 format, we use next generation SiGe BiCMOS
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DAC as AWG (Keysight M8199A) in section 3.3. We transmit 134 Gbaud PAM-4 (net 250
Gbps) and 115 Gbaud PAM-8 (net 288 Gbps) using HD-FEC and SD-FEC, respectively. We
discuss in detail the performance with different modulation format and linear and non-linear

signal processing.

The next question is can we go beyond 300G with intensity modulation. There are two ways to
increase the throughput for IM/DD. One is to target higher symbol rate and the other is to for
a higher modulation order. But as shown in the previous section, higher order PAMS or PS-
PAMS requires high SNR which necessitates the adoption of more complicated SD-FEC. The
alternate option is to go higher in terms of symbol rates, which requires higher BW of each
transceiver component. Although SiP modulators offer low-cost solutions, there are two main
limitations of SiP modulators, namely low BW (30-45 GHz) and phase shifting efficiency (5-
6 V V). Newer material platforms are therefore being investigated to this end. Thin film
lithium niobate (TFLN) has shown great promise in terms of both EO BW and phase shifting
efficiency. In section 3, we study the performance of a TFLN MZM, which has a much better
EO response (100 GHz usable BW) and lower V(1.5 V). This enables us to transmit net 350
Gbps with 1.4 V,, drive signal. The lower driving signal reduces the power consumption,
another important feature for DCI. This result is still limited by the current DAC technology

and shows a potential for going even beyond 400 Gbps.

3.2 Net 220 Gbps/A IM/DD Transmission in O-band and C-band
with silicon photonic TW MZM

3.2.1 Motivation

In recent years, several high-speed experimental works have been reported with Mach—Zehnder
modulators (MZMs) and electro-absorption modulators with distributed feedback lasers (EA-
DFB) [73-79]. Lithium niobite (LiNbO3) and indium phosphide (InP) based modulators have

mostly been used to demonstrate these results due to their superior electro-optic properties.
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However, bulk LINbO3; MZMs cannot be utilized in pluggable optical transceivers due to their
larger footprint and neither InP nor LiNbO; based modulators are compatible with
complementary metal-oxide-semiconductor (CMOS) foundries which hinder large-scale, low-
cost production. Alternatively, hybrid integration of materials like polymers, thin-film lithium
niobite, III-V semiconductors on silicon (Si) has been reported to combine the high electro-
optic performance of other material platforms with the scalability of the already established
CMOS process. But these designs require additional process, and thus cannot be entirely
realized in a commercial silicon-on-insulator (SOI) process [74, 77]. Due to compatibility with
the CMOS process, small footprint and cost-effectiveness, silicon photonics (SiP) has emerged
as the most promising technology for massive deployment, and SiP modulators are now being

extensively investigated both in IM/DD and coherent communication [79-85].

Most SiP modulators are based on carrier depletion traveling wave (TW) Mach-Zehnder or
micro-ring resonator (MRM) structures [85]. Recent years have witnessed reports on high-
speed IM/DD systems with SiP modulators targeting 200 Gbps. In [86], 200 Gbps PAM4
transmission using a silicon MRM was demonstrated at B2B in the O-band at a BER of 1.08
X 1073, which is the highest reported rate for a Si MRM. In [82], 200 Gbps PAM6 (net 167
Gbps) signal transmission over 1 km of SMF was achieved at a BER below the 20% HD-FEC
threshold of 1.5x102 using a SiP TW-MZM with a 3-dB EO bandwidth of ~22.5 GHz and
complex receiver DSP, which included post-filter and maximum likelihood sequence detector
(MLSD). We have previously reported transmission of net 200 Gbps over 2 km of SMF in the
O-band using a segmented-electrode MZM (SE-MZM) with 45 GHz 3-dB E-O bandwidth and
simple linear feed forward equalization [87]. But this result required two drive signals with
precise phase alignment making it challenging to control with practical RF delay lines. Most
recently, we designed a high bandwidth single segment MZM with an on-chip termination
(OCT) intentionally lower than the TW electrode characteristic impedance and demonstrated

net 212.5 Gbps/A transmission in the O-band [88].
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3.2.2 Modulator Design and Characterization

In this section, we describe the design and characterization of the TW-MZMs. The C-band
and O-band modulator designs both adopt the series push-pull (SPP) configuration with a
layout shown in Fig. 3.1, where the two PN junctions of each arm are connected back-to-back
and a DC bias is applied to the common N++ region. This doubles the junction resistance and
halves the junction capacitance [89]. The fabrication process admits a RF electrode design with
two metal layers that reduces microwave attenuation. For each of the two optical bands, we
have designed the MZM with two different phase-shifter lengths, 1.5 mm (S) and 2.5 mm (L).
Both the O-band and C-band modulator designs use the same doping densities. The only
difference lies on the optical waveguide width. The waveguide widths of the MZMs have been
chosen to ensure single-mode operation and maximize optical field/carrier overlap. A reduced
waveguide width is used for the O-band design for this reason. As these modulators are
designed for high data rate links required by the intra-data center interconnects, we peak the
device frequency response to obtain a higher E-O bandwidth by implementing a 35 Q on-chip
termination (OCT), intentionally mismatched to the traveling-wave electrode characteristic
impedance [90]. Vertical grating couplers (GC) are used for the optical input and output and

the MZM operating point is set using thermal phase shifters.
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Fig. 3.1 (a) TW-MZM top-view schematic, (b) SPP-MZM cross-section. BOX: buried oxide, M1/M2: metal
layers and (c) SPP-MZM layout.
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Fig. 3.2 shows the E-O S»1 and E-E S11 magnitude responses of the 2.5 mm C-band and O-band
modulator. A 50 GHz Keysight lightwave component analyzer (LCA) and 50 GHz RF probes
are used to perform the small-signal characterization. From Fig. 3.2, it can be observed that the
RF return loss (S11) is below 10 dB within the entire measurement spectrum. Also, the E-O Sz
magnitude responses show that the 3-dB bandwidths of both C-band and O-band modulators
are approximately 47 GHz at a 3V reverse bias (normalized to 1.5 GHz). This 3-dB bandwidth
allows 100 Gbaud signaling for single-carrier 200 Gb/s links with simple linear FFE as will be
shown in the following sections. The S21 magnitude responses of the MZMs with a shorter
phase shifter length are not shown here but they have better bandwidth, at the expense of a
higher V;[91] as shown in Table 3.1. From the E-O S»; frequency response curves, we can also
see that there is a clear peaking at lower frequency (at around 12 GHz). As mentioned earlier,
the gain peaking at this frequency comes due to the impedance mismatch between the traveling-
wave electrode characteristic impedance of 50 Q and on-chip termination (OCT) of 35 Q. It

acts like a pre-emphasis and extends the bandwidth of the modulators.
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Fig. 3.2 Measured small-signal response of the MZMs (E-O |S»1| is normalized to 1.5 GHz): C-band (L) MZM
(top), and O-band (L) MZM (bottom).

From Table 3.1, we can see that the V; of the O-band MZM is lower (5.4V) as compared to the
C-band modulator (Vz of 7.6 V). The different phase shifting efficiency in O and C bands come
from i) the different effective refractive index change, An,.(E) as a function of the applied

voltage, which depends on the plasma dispersion effect and the overlap fraction between the
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optical mode and the free-carriers being modulated around the PN junction, and ii) the
wavelength, / at the denominator of the phase shifter equation, A = 2mAn,¢s(E)L/A, where
L is the phase shifter length. For the same phase shifter length, these factors cause the Vx to be
higher for the C-band modulator compared to the O-band one. The V; of the C-band MZM
becomes even higher at a shorter length of 1.5 mm, which requires high driving voltages that
are challenging for practical transmitter RF chains and poses a high modulation power
consumption, making it unsuitable in DCI scenario. Therefore, we will mainly discuss the
transmission performance of three modulator designs with their key parameters summarized in
Table 3.1. The high optical propagation loss is due to a layout error (exaggerated proximity of
P+ and N+ doped regions with the optical waveguide) and is worse in the C-band designs.

Table 3.1 O-band and C-band Modulators at -2 V Bias

) O-band O-band C-band
Metric
MZM (S) MZM (L) MZM (L)
Phase shifter length (mm) 1.5 2.5 2.5
DC V. (V) 6.6 5.4 7.6
- 3dB E-O BW (GHz) > 50 47 46
BW/V, (GHz/V) >75 8.7 5.9
Total opt. Propagation loss (dB) 4 54 8.4

3.2.3 Experimental setup and Digital Signal Processing

The experimental setup and DSP used to test the transmission performance of the designed
modulators is shown in Fig. 3.3. The set of instruments used to test O-band and C-band
modulators are the same except for the laser and optical amplifier. In the O-band experiment,
13 dBm of power is launched at 1302.8 nm which is then coupled to the chip using the grating
coupler, whereas, in C-band, 15.25 dBm of power at 1550 nm is used as the CW light source.
The measured back-to-back grating coupling loss is found to be 7.5 dB and 9.5 dB for the O-
band and C-band grating couplers, respectively. This difference comes from a better GC design

in the O-band case. DC probes are used to reverse bias the PN junction of the modulator and
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tune the thermal shifters. At the transmitter, a PRBS sequence is generated and then mapped to
PAM symbols. After resampling the symbols to 2 sps, pulse shaping is done via a raised cosine
(RC) filter. Then we resample the samples to the DAC sampling rate. Next, a pre-emphasis
filter pre-compensates for the low pass filtering of the DAC and RF amplifier. Note that we do
not use any nonlinearity pre-compensation for MZM. The digital signal is then clipped,
quantized, and loaded to a 120 GSa/s 8-bit digital-to-analog converter (DAC). The DAC output
is amplified by an RF amplifier with 45 GHz 3-dB bandwidth and 26-dB gain and then applied
to the modulator using 50 GHz RF probes. As the pre-emphasis filter flattens the entire
transmitter RF chain including the RF amplifier, the lower bandwidth of the amplifier
compared to the devices under test does not limit the system performance in terms of bandwidth.
To test the transmission performance, we adopt different PAM formats from 65 Gbaud to 110

Gbaud and the roll-off factor is empirically optimized at these different symbol rates.

Tx DSP Rx DSP
PRBS Resampling to 2 sps
Symbol
Geneation Synchronization
Resampling
- Low pass filter
Pulse shaping
LGSk | pre_emphasis FFE / Volterra
—Opt. DAC
—RF ippi
Clipping and BER and NGMI
|RF amp | Quantization
Xx w
SZ SiP MZM ZS | RTO
0/2/10 k .
CW Locer ™ Optical VOA pp 256 GSa/s
Amplifier

Fig. 3.3 Experimental set up and DSP deck.

After the modulator, the optical signal is transmitted over various distances of standard single-
mode fiber (SSMF). To compensate for the grating coupler loss and modulator optical loss, a
praseodymium-doped fiber amplifier (PDFA) or an Erbium-doped fiber amplifier (EDFA) is
used to provide sufficient received optical power (ROP) to the 50 GHz PIN photodetector (PD).

The noise figure of the PDFA and EDFA used is 6.5 dB and 5 dB, respectively. A variable
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optical attenuator (VOA) is added before the PD to control the ROP. The signal out of the PD
is then digitized by a real time oscilloscope (RTO) with a bandwidth of 110 GHz operating at
256 GS/s. As the transmitter signal bandwidth is kept within 60 GHz, the RTO bandwidth is
set to 63 GHz so that the out of band noise is filtered automatically. Finally, the signal is
processed offline by the receiver DSP, which includes re-sampling to 2 sps, synchronization,
linear feed-forward equalization (FFE) or Volterra non-linear equalization (VNLE), symbol de-

mapping and bit-error ratio (BER) counting and NGMI computing.

3.2.4 O-Band Transmission Experiment Results
3.2.4.1 PAM transmission results with linear equalization

In this section, we investigate the transmission performance of the O-band 2.5 mm MZM,
which has the maximum phase-shifting efficiency among the designs. A reverse bias voltage
of 2 V is used, which gives the best performance for this longer modulator. This also
ensures >45 GHz 3-dB bandwidth which is useful when operating at high symbol rates. At the
MZM quad point, the power out of the chip is around -4 dBm, which is then launched into the
SMF. The peak-to-peak driving voltage after the RF amplifier depends on the symbol rate, roll-
off factor, and clipping ratio. The maximum peak-to-peak voltage, V;, that we drive the

modulator with 1s 2.6 Vp, and 2.3 V,, at 85 Gbaud and 90 Gbaud, respectively.

Fig. 3.4 shows the BER versus interface rate at B2B and after 2 km of SMF for different
PAM formats. The received optical power is set to 8.5 dBm and only linear FFE is used in the
receiver signal processing. The red curves represent PAM4 BER as the symbol rate varies from
70 Gbaud to 110 Gbaud. The figure shows that we can achieve 170 Gbps and 200 Gbps
interface rate PAM4 transmission over 2 km of SMF at a BER below the KP4-FEC threshold
and 6.7% HD-FEC threshold, respectively. However, net 200 Gbps (214 Gbps interface rate
assuming HD-FEC) with PAM4 format is not achievable due to the limited bandwidth of the

system. The blue curves in Fig. 3.4 show the BER of the PAM6 format. Here, PAM6 symbols
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are generated from a 32-QAM 2D constellation which maps five bits into two symbols with a
spectral efficiency of 2.5 bits/symbol [56]. We sweep the symbol rate for PAM6 format from
70 Gbaud (= 70%2.5 Gbps = 175 Gbps interface rate) to 105 Gbaud (262.5 Gbps interface rate).
218 Gbps PAM6, which corresponds to a throughput of 203 Gbps, is achieved with this

modulator design below the HD-FEC threshold after 2 km propagation.
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Fig. 3.4 BER vs. interface rate for PAM4, PAM6 and PAMS at B2B and 2 km with FFE.
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Fig. 3.5 NGMI vs. number of FFE taps for a 90 Gbaud PAMS signal.

The PAMS format has a higher SNR requirement and cannot achieve a throughput of interest
(>200 Gbps) at the HD-FEC. Therefore, to evaluate the system performance, we adopt a

practical SD-FEC [51] and compute the NGMI as a more precise metric to evaluate the
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transmission performance [50]. The combined FEC code rate is 0.8402, and the NGMI
threshold is 0.8798. In Fig. 3.5, we show the calculated NGMI of a 90 Gbaud PAMS signal
(225 Gbps net data rate) as we sweep the number of FFE taps. We find that a minimum of 81
taps are required for an NGMI above the threshold of 0.8798 at B2B. However, this is not
achievable for the case of 2 km regardless of the number of taps used. We show in the following
section that by mitigating the nonlinearity using the Volterra nonlinear equalization we can

achieve 225 Gbps net data rate PAMS transmission over 2 km.
3.2.4.2 PAM transmission results with nonlinear equalization

At a transmission reach of 2 km, the non-linearity of the system primarily comes from the
system components, rather than the optical fiber. One source of these impairments is the non-
linear phase shifter of the SiP modulator. Also, to keep a reasonably high driving voltage swing
into the modulator at high symbol rates, we clip the signal before loading it into the DAC,
which also introduces non-linearity into the signal. Nonlinear equalization has been shown to

be effective in improving system performance even in optical short reach scenarios [66, 92].
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Fig. 3.6 NGMI vs. interface rate for PAMS signals with linear and non-linear equalization.
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Fig. 3.7 NGMI vs. ROP after 2 km transmission with FFE and VNLE.

Fig. 3.6 plots the NGMI vs. interface rate using the PAM8 modulation format. We find that
second order VNLE enables the transmission of a 90 Gbaud (270 Gbps) PAMS signal with an
NGMI above the threshold, which corresponds to net 225 Gbps, over 2 km of SMF. For these
results a T/2 spaced, second order full Volterra equalizer is adopted. The memory lengths for
the linear terms and the nonlinear terms of second order Volterra equalizer is chosen to be 61
and 7 respectively. The performance improvement is not significant for higher memory lengths.
Thus, we use these memory lengths for the rest of the results with the VNLE. In Fig. 3.7, we
show the NGMI as we sweep the received optical power for 88 and 90 Gbaud PAMS signals.
These figures show that second order VNLE allows the throughput of PAMS format to extend
by 5 Gbps only. Due to the low driving voltage swing into the modulator, we operate mostly in
the linear region of modulator, leading to little non-linear effect from the modulator side. Third
order Volterra equalizer do not show significant improvement as well and considering its
complexity we do not employ it in our results. Fig. 3.7 also shows that the minimum required
ROP for a net of 220 Gbps and 225 Gbps after 2 km transmission is 4.1 dBm and 7 dBm,
respectively. Here we use PDFA followed by a VOA to sweep the ROP while the launch power
is kept at -4 dBm. We also test the impact of the VNLE for PAM4 and PAM6 modulation
formats. Unlike PAMS, the performance improvement is not that pronounced. This is primarily

because of the smaller number of inner levels for these formats.
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Fig. 3.8 Eye diagram and histogram of 90 Gbaud PAMS signal with receiver VNLE and FFE at B2B

In Fig. 3.8, we draw the eye-diagram of the net 225 Gbps B2B signal with and without
nonlinear equalization. We find that in both cases the outermost eyes are more closed than the
inner eyes. The histogram of the received symbols shows that the outermost levels are less
separated from each other than the inner levels and cause more errors. We can also see that the
levels are more distinguishable at the decision thresholds using nonlinear equalization (VNLE)
than linear FFE. Probabilistic shaping can improve the system performance as the outer levels
are transmitted with lower probability thus improving the BER performance. However, PS-
PAMBS will require higher symbol rate transmission for the same throughput and an optimum

choice is to be made.
3.2.4.3 PAS PAM transmission results

The use of standard PAM formats results in a coarse grid of spectral efficiency (SE) as well
as the corresponding symbol rates required at each SE to a achieve net 200 Gbps data rate. For
example, PAM4 signaling requires the system to operate at 107 Gbaud assuming a 6.7% HD-
FEC, which poses a stringent requirement on the system bandwidth. On the other hand, PAMS

signaling is demanding on the system SNR due to limited effective number of bits (ENoB) of



Page | 52

the DAC and ADC. Thus, to improve the system throughput, it is desirable to transmit
probabilistic shaped signals with a finer SE granularity so that we can best exploit the trade-
off between inter-symbol interference (ISI) and system SNR. In this section, we use cost-
minimizing distribution matching (CMDM) within the probabilistic amplitude shaping (PAS)
scheme to generate PS-PAMS signals with varied SEs. CMDM is implemented by means of a
lookup-table (LUT) [60], where a varied number of bits from 13 to 19 are mapped to a block
of 10 symbols and provides a tunable information bit per symbol (IBPS) from 1.8 to 2.4
bits/symbol assuming 20% FEC overhead. Since the weight of the symbol sequences are set as

the sequence power, the PS-PAMS8 symbols approach the Maxwell-Boltzmann distribution.
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Fig. 3.9 NGMI vs. interface rate for PS-PAMS signals with varied IBPS at three symbol rates at B2B.

In Fig. 3.9, we show the NGMI of PS-PAMS signals with varied IBPS at three different
symbol rates at B2B. Note that only linear equalization is used at the receiver. We sweep the
IBPS from 2 to 2.5 bits/symbol, which means for 90 Gbaud PS-PAMS signals, we can tune the
net throughput from 180 Gbps to 225 Gbps with a step of 9 Gbps. The histogram of the
transmitted symbols for two different IBPS values is also shown in the inset. As the IBPS

increases, the transmitted signal becomes more and more identical to a uniform PAMS signal,
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which corresponds to an IBPS of 2.5 (=3/1.2) bits/symbol. We can also see that the 94 Gbaud
PS-PAMS signal shows notably worse performance than the 90 Gbaud and 85 Gbaud signals
at the same interface rate. As the symbol rate increases, the transmitted signal bandwidth
increases, and the pre-emphasis filter must compensate more. As a result, the signal PAPR
increases and the driving signal swing decreases. The transmitter shows a bandwidth response
that drops sharply after 45 GHz and as a result the transmitted signal quality degrades faster
beyond 90 Gbaud. It comes both from the RF transmitter chain that includes the DAC and RF
amplifier and the modulator itself that has a 45 GHz 3-dB BW. This causes the 94 Gbaud PS-
PAMBS signals to perform worse than the 90 Gbaud and 85 Gbaud signals at the same interface
rate. As the roll-off of the system response degrades much slowly before 45 GHz, the NGMI
difference between 85 Gbaud and 90 Gbaud signals at the same interface rate are close. At the
same interface rates beyond 225 Gbps, 85 Gbaud signal at a higher IBPS shows better
performance than 90 Gbaud signal at a lower IBPS. The optimum choice of symbol rate and
IBPS depends on system ISI and SNR, so long as the signal swing is not too much affected due
to pre-emphasis and the entropy loss is small. So, the performance (NGMI) at these symbol
rates is close for most of the interface rates. For the best throughput, at each desired throughput,

the symbol rate and IBPS need to be appropriately determined.
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Fig. 3.10 NGMI versus IBPS for net 210 Gbps and 220 Gbps after 2 km
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Next, we try to find the IBPS that achieves the highest NGMI at a target net data rate for our
system after 2 km propagation with linear and non-linear equalization. The blue and red curves
in Fig. 3.10 show the NGMI values at different symbol rates and corresponding SEs for net
210 Gbps and net 220 Gbps, respectively. We can see that PS-PAMS8 with an IBPS of 2.4
bits/symbol delivers the highest NGMI for these net rates for both linear and non-linear
equalization. Lower IBPS (2.3) at a high symbol rate is not a good choice because of stronger
ISI and lower driving voltage swing. For net 220 Gbps with linear FFE, only 2.4 bits/symbol
PS-PAMS at 91.6 Gbaud is found above the NGMI threshold and outperforms uniform PAM8

signaling.
3.2.4.4 10 km PAM transmission results

10 km transmission is important for LR (long reach) datacenter interconnects and Fig. 3.11
shows the BER performance over 10 km of SMF with different modulation formats and
receiver VNLE. We can see that using PAM6 format, we can transmit net 200 Gbps (interface
rate of 214 Gbps) below the HD-FEC threshold. In Fig. 3.12, we show the achievable NGMI
for PAMS format with linear and nonlinear equalization schemes. The 2 km curve with linear
equalization is also added here for comparison. The maximum achievable throughput after 10
km of SMF is 216 Gbps, achieved with 86 Gbaud PAMS format and VNLE. Like 2 km results,
the NGMI gain with VNLE is not significant, meaning the nonlinear degradation is not that

severe for 10 km transmission as well.

Fig. 3.12 also shows that compared to 2 km transmission; the results are slightly worse for
the 10 km case. The effect of dispersion is negligible over 10 km of SMF at our wavelength of
operation (1302.8 nm). Therefore, the degradation comes mostly from the reduced OSNR of
the received signal. As mentioned earlier, the launch power into the fiber is -4 dBm and after
10 km transmission this becomes -7.5 dBm, which is then amplified via the PDFA. But the
lower input power into the PDFA increases the noise figure (NF) and worsens the signal OSNR.

Considering short reach application scenario, PDFA is not a viable solution and better light
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coupling in this case would increase the launch power into the fiber, thereby improving the

transmission performance. We show the optical spectra to show the impact of PDFA noise in

Fig. 3.13.
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Fig. 3.13 Optical Spectrum w/ and w/o PDFA in B2B and after 10 km Tx

3.2.4.5 Experiment Results with shorter MZM

Next, we focus on the shorter MZM with a phase shifter length of 1.5 mm. This modulator
has a 3 dB E-O bandwidth of over 50 GHz and a lower optical propagation loss, but this comes
at the expense of a higher V. The optimized reverse bias voltage for this modulator is found
to be 0.5 V. From Table 3.2 and Fig. 3.14, we find that despite the higher E-O bandwidth, the
shorter MZM shows worse transmission performance compared to the longer one for all
formats. Fig. 3.14 plots the NGMI versus interface rate with this MZM at B2B and after 2 km
propagation with a VNLE. The shorter MZM achieves 270 Gbps PAMS (net 225 Gbps) at the
B2B scenario and after 2 km, the highest interface rate that is above the NGMI threshold is 264
Gbps, corresponding to a throughput of 220 Gbps. As the roll-off factor chosen for the 90
Gbaud signal is 0.1, the one-sided signal bandwidth is 49.5 GHz. Therefore, the higher E-O
bandwidth of the shorter MZM does not improve the performance significantly, rather the
higher V. decreases the modulation depth of the transmitted signal and causes the overall
results to degrade. Even at higher symbol rate operation, this modulator shows worse
performance. But the total footprint of this modulator is 0.9 mm X 2.2 mm, as compared to the
longer one with 0.9 mm x 3.2 mm footprint, which makes it good choice if space is an important

factor.
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Table 3.2 MZM BER Performance for short and long modulator

Modulation Format Interface Rate (Gbps) Short MZM Long MZM
100 Gbaud PAM4 200 Se-3 3.4e-3
90 Gbaud PAM6 225 4e-3 3.2e-3
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Fig. 3.14 NGMI vs. interface rate with PAMS format for shorter MZM

3.2.5 C-band transmission experiment results

In this section, we present the transmission results using the C-band modulator. As shown is
Table 3.1, the C-band modulator has a much higher V» as compared to the O-band design.
Based on the previous explanations, we choose the modulator with the longer phase shifter
length (2.5 mm) for better phase shifter efficiency. In Fig. 3.15, we show the BER of PAM4
and PAM6 format and NGMI of PAMS signaling at different interface rates. The B2B BER for
100 Gbaud signaling is found to be 8.5e-3, which is worse than the O-band designs because of
its higher V. Net 200 Gbps below the HD-FEC threshold is still achievable using 86 Gbaud
PAMBG6 at B2B. After 500 m the maximum throughput below the HD-FEC threshold is 195 Gbps
at 84 Gbaud with PAM6 format. For PAMS signaling, at B2B maximum 264 Gbps (net 220
Gbps) is achievable above the NGMI threshold and for a 500 m transmission, it is reduced to

258 Gbps (net 216 Gbps). For 2 km reach, the signal is heavily affected due to dispersion
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induced power fading which is clear from the received electrical spectrum of the 85 Gbaud
signal shown in Fig. 3.16. 72 Gbaud PAMS, which is equivalent to a net 180 Gbps signal can

be transmitted over 2 km of SMF using receiver VNLE at the SD-FEC threshold.
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Fig. 3.15 BER (top) and NGMI (bottom) vs interface rate for C-band MZM

5 T T T T
—B2B

Normalized power [dBm]

_30 1 1 1 1 L 1 \
0 10 20 30 40 50 60

Frequency [GHz]

Fig. 3.16 Received Electrical spectrum at B2B and after 2 km for 85 Gbaud signal.
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3.2.6 Summary

In the prior sections, we report the small-signal, and large-signal characterization of high
bandwidth SiP MZM modulators. It is found that besides the importance of a high E-O
bandwidth, the transmitter driving voltage and modulator V. are also key factors which
determines system performance. Since meeting the low power consumption constraint in data
centers necessitates a low driving power, modulator designs with optimized phase shifting
efficiency are preferable. In our case, the modulator with the longer phase shifter has lower Vx
compared to the design with shorter phase shifter, and thus delivers better transmission
performance despite a slightly lower E-O bandwidth of 47 GHz. This modulator design enables
100 Gbaud PAM4 signal transmission below the 7% HD-FEC threshold with only linear FFE.
Since it is desirable to use high code rate HD-FEC for real-time short reach systems with a high
throughput decoder, PAM6 seems to be an attractive signal format to attain net 200 Gbps and
works as a compromise between PAM4 and PAMS8 modulation formats in terms of the system
bandwidth and SNR requirement. Our results also show that higher order formats such as
PAMS or PS-PAMS allow higher throughput at the expense of higher overhead SD-FEC.
Considering the power constraint of transceivers used within the data centers, nonlinear
equalizers are not preferred and depending on the system non-linearity, reduced-complexity
Volterra equalizers [93] or look-up-table (LUT) based nonlinear pre-distortion schemes [94]
might be adopted, and short block length distribution matchers such as CMDM can be utilized

to facilitate the high-speed parallel signal processing.
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3.3 Net 300 Gbps/A Transmission over 2 km of SMF with a Silicon

Photonic MZM

3.3.1 Motivation

In Section 3.2, we demonstrated the transmission of net 225 Gbps PAMS signaling over 2 km
of SMF in the O-band. But this required a higher order PAMS format and the adoption of more
power-hungry SD-FEC. 200G at HD-FEC of KP4-FEC is a more practical solution for the
800G and 1.6T transceivers, which requires high operational bandwidth of each transceiver
component. As mentioned at the start of the chapter, the limited bandwidth of DAC is a major
challenge in achieving this objective. However, with the advancement of CMOS, better DAC
and ADC are now available that can push the limit farther. In this section, we evaluate the
transmission performance of the same O-band SPP MZM with 2.5 mm phase shifter length
with a newer generation of Keysight AWG (M8199A). The AWG operates at a sampling rate
of 128 GSa/s and by interleaving two channels, we can generate signals at 256 GSa/s. As
compared to the AWG employed in section 3.2, this has a better BW of around 65 GHz and a
better ENoB. This allows us to transmit 134 Gbaud PAM-4 (net 250 Gbps) below the 6.7%
overhead (OH) HD-FEC BER threshold of 3.8x10 and 115 Gbaud PAM-8 (net 288 Gbps)
above the 19.02% OH SD-FEC NGMI threshold of 0.8798 over 2 km of SMF in the O-band,
with only a linear feed-forward equalizer (FFE) and a single 3 V peak-to-peak driving signal.
With the aid of post-filter and maximum likelihood sequence detection (MLSD), we extend
this transmission capacity to 140 Gbaud for PAM-4 signaling. To explore the capacity limit
with this SiP MZM, we adopt probabilistic shaping (PS), and show net 310 Gbps operation. To
the best of our knowledge, these are the highest reported net rates with a SiP modulator in an

IM/DD system.
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3.3.2 Experimental Setup
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Fig. 3.17 Experimental Setup and offline DSP. (© 2021 IEEE)

Fig. 3.17 presents the experimental setup along with offline DSP blocks to test the system
performance. The same O-band tunable laser is used as the CW light source. And the DSP
section is almost identical except that we employ an additional non-linear compensation at the
transmitter and more complex probabilistic shaping is utilized to improve the throughput. The
8-bit AWG can be operated at either 128 GSa/s or 256 GSa/s. The AWG output in both cases
is amplified to about 3 V,, voltage by an RF amplifier (SHF 807C) with 55 GHz 3-dB
bandwidth and applied to the SiP MZM using 67 GHz RF probes. At the receiver, we replace
our 50 GHz PD with a higher BW one (70 GHz). As before, this does not include a trans-
impedance amplifier (TIA). Therefore, we still need to rely on PDFA to compensate for the
modulator and coupling loss. The signal out of the PD is digitized using the same RTO, which
operates at 256 GSa/s. The bandwidth of RTO is set to 65 GHz (75 GHz) when the AWG runs
at 128 GSa/s (256 GSa/s) to filter the out of band noise. Finally, the signal is processed offline
by the receiver DSP as shown in Fig. 3.17 and is discussed in more detail in the following

sections.



Page | 62

3.3.3 Experimental Results with 128 GSa/s AWG

We first test the system performance of our MZM for PAM-4 and PAM-6 formats, which are
the most promising options for the next generation DCI market. Fig. 3.18 (a) plots the BER vs.
gross bit rate curves with linear and non-linear equalization after 2 km of SMF at 7.5 dBm
received optical power (ROP). The figure shows that we can transmit 250 Gbps PAM4, the
signal equivalent of net 234 Gbps below the 6.7% HD-FEC BER threshold. Though the PAM6
format requires 25% less bandwidth at the same bit rate, at this HD-FEC BER threshold, PAM6
shows worse BER with only linear equalization due to its higher SNR requirement and the non-
linearity present in the system. With Volterra non-linear equalization (VNLE) PAM6
outperforms PAM4 at this BER threshold. We use third-order Volterra filter with memory
lengths of 91, 3, and 5 for linear, second and third-order Volterra kernels, respectively and 91
filter taps for linear FFE for these results. It should be noted that for both PAM4 and PAMG,
the improvement with VNLE diminishes at symbol rates close to 128 Gbaud. The signal swing
out of the AWG becomes smaller due to stronger pre-emphasis and the system non-linearity is
no longer dominant at high symbol rates. Therefore, considering the complexity of VNLE, the
curves show that with a high BW SiP MZM, PAM4 is the suitable choice for 250 Gbps

operation.

Next, we transmit PAMS signals at different symbol rates and due to its high error floor
compared to PAM4, we choose SD-FEC instead of HD-FEC. The NGMI curves in Fig. 3.18(b)
and the histogram of the received symbols at 100 Gbaud PAMS in Fig. 3.18 (c) reveal the
presence of strong non-linearity in the system, which results in significant errors from the
outermost levels. We use a peak-to-peak driving voltage of 3 V (55% of the DC V; of the
modulator) and bias the MZM at the quadrature point. This indicates that the non-linearity
mostly comes from the RF amplifier, which shows a 1 dB output power compression (Po14B) at
15 dBm (3.5 Vpp). Although lowering the input to the amplifier reduces the non-linear effect,

the low modulator driving signal decreases the optical modulation amplitude and degrades
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overall system performance. To overcome this issue, we adopt a non-linearity compensation
technique by means of a non-linear lookup table (NLLUT) with 3-symbol memory length [61]
and compare its performance with VNLE. Both non-linear pre-distortion with FFE and third-
order VNLE without any pre-compensation show similar performance and we can successfully
transmit 336 Gbps PAM-8 (net 282 Gbps) over 2 km of SMF. Increasing the non-linear memory
lengths of VNLE beyond the previously mentioned values do not improve the system
performance significantly and is thus not adopted for these results. Unlike PAM4 and PAMG6,
due to higher number of inner levels and high peak-to-average power ratio (PAPR) of the
transmitted signal, non-linear equalization or pre-distortion give better results for PAMS for all

the symbol rates of interest.
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Fig. 3.18 (a) BER and (b) NGMI vs. gross bit rate for different PAM formats, (c) Histogram of the received
PAMS symbols at 100 Gbaud without and with NLPD. (© 2021 IEEE)
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3.3.4 Extending Capacity limit with 256 GSa/s AWG

To test the attainable capacity of this SiP MZM, we time-interleave two AWG channels, that
allows signal generation at 256 GSa/s sampling rate, and we can generate PAM signals at a
symbol rate beyond 128 Gbaud. In Fig. 3.19, we plot the measured BER of 132 Gbaud and 134
Gbaud PAM-4 signals after 2 km transmission as we sweep the number of FFE taps. It can be
observed that 51 (101) taps are required to reach the 3.8x107* BER threshold at 132 (134)
Gbaud. As shown, the BER saturates beyond 101 taps, which is sufficient for the considered

symbol rates.
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Fig. 3.19 132 Gbaud and 134 Gbaud PAM-4 BER performance vs. number of FFE taps after 2 km of SMF.
Inset: Received electrical spectrum and PAM4 eye diagram at 134 Gbaud. (© 2021 IEEE)

In the inset of Fig. 3.19, we show the received electrical spectrum of 134 Gbaud PAM-4 signal
and eye diagram after receiver linear FFE with 101 taps. As in the past section, VNLE or NLPD
cannot improve the PAM4 BER performance much at these high symbol rates. The received
spectrum shows 10 dB loss at 60 GHz, coming primarily from the modulator, which is then
compensated by the FFE. However, this boosts the in-band noise at high frequencies, which
cannot be compensated by only increasing the number of FFE taps. Therefore, to whiten the

noise, we apply a two-tap post filter (Z-domain response: 1+az!, where a€[0, 1]) and
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subsequently use MLSD to eliminate the post-filter induced ISI. The parameter a is optimized
for each symbol rate and at 140 Gbaud, the optimum a is found to be 0.48. With this scheme,
we can transmit up to 140 Gbaud PAM-4 signal below the HD-FEC threshold as shown in Fig.
3.20.
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Fig. 3.20 BER vs. gross bit rate for PAM4 and PAMG6 formats (128 GSa/s and 256 GSa/s AWG). (© 2021 IEEE)

At a higher AWG sampling rate, high symbol rate signals can be generated with a higher roll-
off-factor, which lowers the PAPR of the transmitted signal. Along with the oversampling
induced ENoB (Effective Number of Bits) improvement, this increases the signal-to-noise ratio
(SNR) of the generated signal and results in better BER performance. Comparing the BER
performances at the two different sampling rates, we can also see that the BER improvement
increases at higher symbol rates for both PAM4 and PAM6 format when the AWG operates at
256 GSa/s AWG. Even with NLPD, PAMG still does not show much throughput enhancement
compared to PAM4 signaling. We also tested the shorter MZM with phase shifter length of 1.5
mm and >50 GHz 3-dB E-O BW, but the higher V; results in worse B2B and 2 km transmission
performance. Therefore, the inherent trade-off between phase-shifting efficiency and E-O BW

must be considered in system design for optimum transmission performance.
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of the transmitted and PS-PAMS symbols at an IBPS of 2.42 bits/symbol. (© 2021 IEEE)

To maximize the system throughput, PAM-8 and PS-PAM-8 signal transmission with 256
GSa/s AWG is also studied. The results from Fig. 3.21 show that even with SD-FEC, it is not
possible to achieve net 300 Gbps (gross bit rate of 358 Gbps) due to the higher SNR and
linearity requirement of the PAMS8 format. Probabilistic shaping can help in this regard as
demonstrated in literature [95, 96]. Unlike previous section, in this section, we generate the
PS-PAM symbols following Maxwell-Boltzmann (MB) distribution using constant
composition distribution matcher (CCDM) within the probabilistic amplitude shaping (PAS)
scheme. CCDM with long block length has negligible entropy loss and enables maximum
capacity. Fig. 3.21 plots the NGMI curves at 124 and 128 Gbaud for different information bits
per symbol (IBPS). The histogram of the transmitted symbols at an IBPS of 2.42 bits/symbol
is also shown in the inset of Fig. 3.21. Compared to uniform PAMS, PS extends the system
capacity beyond a net 300 Gbps at both these symbol rates. At 128 Gbaud, with an IBPS of
2.39 (2.42), we can transmit a net 305 (310) Gbps above the specified NGMI threshold of
0.8798 with FFE (VNLE). Increasing the symbol rate beyond 128 Gbaud with PS-PAMS
decreases the NGMI at the same bit rate due to severe ISI coming from the limited system

bandwidth. Apart from the shaping gain, in PS scheme, more symbols are transmitted on the
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inner levels, and therefore become less impacted by the non-linear effect caused by the
saturation of RF amplifier and modulator. As a result, going from an IBPS of 2.45 to 2.52
bits/symbol (corresponding to uniform PAMS) significantly reduces the NGMI. We should also
note here that due to the use of PDFA, our system is average power limited and the benefit of
PS is obvious. For short reach scenario without optical amplifier, PS with MB distribution

might not be the optimum choice and the throughput improvement might be different [96].

3.3.5 Summary

The summary of the achieved throughputs with the 128 and 256 GSa/s AWG for different
modulation formats is given in Table. 3.3. As is clear from the table, with the 256 GSa/s AWG,
we can extend the capacity by 10 to 16 Gbps depending on the chosen modulation format, but
it comes at the expense of one extra AWG channel and an interleaver. Therefore, considering
the cost and power consumption of the application-specific integrated circuit (ASIC), a single
AWG channel running at 128 GSa/s stands out as the suitable solution given the limited
bandwidth of our SiP MZM. Compared to Section. 3.2, with PAMS format, we could extend
our capacity to 294 Gbps from 225 Gbps. This primarily comes from the better AWG, RF
amplifier and partially from the better photodiode. Due to the SiP MZM being the main limiting
factor for higher capacity, it is difficult to push the capacity even with a better AWG or RF
amplifier.

Table 3.3 Summary of Net Bit Rate (with FFE and NLPD)

Modulation format FEC OH 128 GSa/s AWG 256 GSa/s AWG
PAM4 6.7% HD 234 250
PAM6 6.7% HD 245 255
PAMS 19.02% SD 282 294

PS-PAMS 19.02% SD 290 305

Units: Gbps; OH: Overhead; HD: Hard-Decision; SD: Soft-Decision.
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3.4 Net 350 Gbps/A IM/DD Transmission Enabled by High

Bandwidth Thin-Film Lithium Niobate MZM

3.4.1 Motivation

As discussed in the introduction of the thesis, simple pulse amplitude modulation (PAM) with
moderate digital signal processing (DSP) is the preferred option for DCI applications. Since
SiP modulators are limited in terms of BW and phase shifting efficiency, alternate solutions are
being pursued actively. In recent years, intensity modulators with electro-optic (EO)
bandwidths exceeding 100 GHz [97-99] and transmission rates beyond 300 Gbps have been
demonstrated [10, 100-103]. In addition to a high bandwidth (BW), a low optical loss and low
half-wave voltage (Vx) are also critical modulator parameters for DCI applications. Thin-film
lithium niobate (TFLN) platform has recently emerged as one of the most promising candidates
to deliver high-performance modulators fulfilling these three targets simultaneously [104, 105].
Ref. [106] showed 70 Gbaud PAMS transmission at a BER of 1.5x1072 with a 45 GHz TFLN
Mach—Zehnder modulator (MZM) and also proposed a 100 GHz bandwidth design with shorter
devices. 110 Gbaud PAM4 modulation was achieved with a 56 GHz BW and 2.6 V V; TFLN
modulator at the same BER threshold in Ref. [107]. These results were limited by the DAC
bandwidth more than by the modulator itself. With the availability of 256 GSa/s DAC, 110
Gbaud PAMS signal transmission over 500 m of standard single-mode fiber (SSMF) with a
BER below the 25% SD-FEC threshold of 4x1072 was demonstrated using a 110 GHz 3-dB

BW and a high 4.74 V V; TFLN MZM [108].

To minimize the module power consumption and system latency, the MZM V; and the DSP
complexity should both be minimized. Motivated by these requirements, in this section, we
report 132 Gbaud PAMG6 data transmission over 500 m of SSMF below the 6.7% OH HD-FEC
BER threshold of 3.8 X 107 (net 308 Gbps), and 140 Gbaud PAM-8 transmission assuming a

19.02% OH SD-FEC (net 350 Gbps), both with a 1.4 V,,, single-ended drive signal. We also
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demonstrate 144 Gbaud PAM4 transmission with a 1 Vy, drive voltage. These results are
enabled by a TFLN MZM with a low 1.5 V DC V; and 95 GHz 6-dB EO BW, and by a 256
GSa/s DAC and ADC. We also characterize our system by comparing PAM-4/6/8 modulation
with both linear and non-linear signal processing algorithms. The presented results demonstrate
the feasibility of a 300G+ short-reach interconnect solution with TFLN modulators and low

driving voltage.

3.4.2 Modulator Device Characteristics and Experimental Setup

a) - T i b
) (a) : 4 (b)
—_ 3.5¢
| 2 4
N-2 >
D 398 WA _______ & 2.5
o .
w4 ' 2|
6 dB
6F-----"""""------- T 1.5 | . | i
0 20 40 60 80 100 0 20 40 60 80 100
Frequency [GHz] Frequency [GHz]

Fig. 3.22 (a) E-O S, response (normalized to 5 GHz) of the TFLN MZM (b) RF V, measured at different
frequencies (with extrapolation). (© 2022 IEEE)

The TFLN traveling wave MZM adopts a typical coplanar waveguide (CPW) configuration
and requires a single RF driving signal [106]. The CPW electrode has a length of 18 mm, with
an on-chip termination close to 50 Q. The E-O S;; and the RF V; are plotted in Fig. 3.22. The
E-O response shows 30 GHz 3-dB EO bandwidth (BW) and a slow frequency roll-off resulting
in a 6-dB BW of 95 GHz (normalized to 5 GHz). The RF V; is measured at 2, 5, 10, 20 and 60
GHz; and extrapolated in the DC - 100 GHz range for each data point using the E-O Sy

response [109].
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Fig. 3.23 Schematic of the experimental setup and the employed DSP. The inset shows the transmitter pre-
emphasis filter frequency response. (© 2022 IEEE)

Fig. 3.23 presents the experimental setup and DSP applied in the transmission experiment. The
setup and DSP algorithm are identical to the SiP MZM experiment presented in Section 3.2.
Compared to Section 3.2, this is a C-band MZM, therefore we use EDFA and C-band tunable
laser source. Like before we couple light into the TFLN MZM through vertical grating couplers
with 10 dB back-to-back coupling loss. The operation point of the MZM is controlled by
thermal phase shifters and the RF signal is applied through a 67 GHz GSG probe. The
transmitter RF chain used in our experiment consists of a 256 GSa/s arbitrary waveform
generator (AWG) and one 60 GHz RF amplifier (SHF 804b). PAM symbols with different
modulation format are generated from a random sequence and up-sampled to 2 samples per
symbol (sps) for raised cosine (RC) pulse shaping. For PAM-6 and PAM-8, non-linear pre-
distortion (NLPD) is applied at the transmitter at symbol level using a lookup table (LUT).
The 2 sps samples are then re-sampled to the DAC sampling rate and the low-pass response of
the AWG, RF amplifier and RF cables is compensated up to 72 GHz by a pre-emphasis filter,
as shown in the inset of Fig. 3.23. The samples are then clipped and quantized before being
loaded into the DAC memory. The transmitted signal is limited to 144 Gbaud, mostly due to
the sharp roll-off of DAC and RF amplifier response beyond 70 GHz. The optical spectra of
the modulated signal for different symbol rates are shown in Fig. 3.24, which shows a 5 dB

drop in the frequency response at 70 GHz (mostly from the probe and MZM). The signal is
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then launched into 500 m of SSMF and amplified by an EDFA before being detected with a 70
GHz photodetector (PD). The signal out of the PD is then captured by an RTO operating at 256
GSa/s with an 80 GHz brick-wall filter response. At the receiver, the signal is processed offline
with a T/2 spaced linear feedforward equalizer (FFE) or polynomial nonlinear equalizer
(PNLE). After equalization, the signal is down-sampled to 1 sps to measure the BER and

calculate the NGMI, assuming Gray mapping.
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Fig. 3.24 Measured PAM-4 signals optical spectra (at 0.03 nm) at 1.4 Vy, drive voltage. (© 2022 IEEE)

3.4.3 Transmission Results

In a first experiment, we transmit PAM-4 signals with 1.0 V},; and 1.4 V,,p drive voltages at 128
Gbaud and 144 Gbaud. Fig. 3.25 (a) plots the BER performance as a function of ROP with
second order PNLE at the receiver. No non-linear compensation is applied at the transmitter
for PAM4 format. At high ROP, the transmission performance is very similar for both driver
swings, indicating that >1 Vp,, is not necessary. Transmission performance only differs at lower
ROP, where the ADC noise dominates due to very low received signal RMS level. At the KP4-
FEC BER threshold of 2.4x10™, the 128 Gbaud B2B received signal with 1V, driving signal
shows only a 0.5 dB ROP penalty compared to the 1.4 V, case. For the 144 Gbaud signal at

the HD-FEC BER threshold of 3.8x107, this increases to ~1.2 dB. We do not employ any
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optical dispersion compensation in our experiment. Therefore, 500 m transmission (~8-9 ps/nm
dispersion) adds a 2.5 dB penalty due to the chromatic dispersion (CD) induced power fading,
which is clear from the received RF spectrum shown in Fig. 3.25 (b). The fading causes ~6 dB
drop in frequency response at 70 GHz, which requires adopting a higher number of filter taps.
From the BER vs. number of linear taps sensitivity curves, plotted in the inset of Fig. 3.25 (b),
15 (43) taps are required to reach the HD-FEC BER threshold for the B2B (500 m) case, which
corresponds to net 270 Gbps transmission assuming 6.7% OH HD-FEC. We also sweep the
driver peak-to-peak voltage at 144 Gbaud PAM4 for a fixed ROP of 7 dBm. Fig. 3.26 (a) shows
thata 1 Vyp drive signal (225 mV RMS) is enough to get to the BER floor, and further increasing
it does not improve the result. This is observed with both linear and non-linear equalization.
This demonstrates the promise of TFLN modulators to operate driver-free, which would reduce

the module power consumption significantly.
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Fig. 3.25 (a) BER vs. ROP for 128 Gbaud and 144 Gbaud PAM-4 signal with 1.0 V;, and 1.4 V, drive voltages
at B2B and after 500 m transmission, (b) Received RF spectrum (144 Gbaud PAM-4) captured from RTO (ROP:
7 dBm). Inset: BER vs. number of FFE taps. (© 2022 IEEE)
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Fig. 3.26 (a)-(b) BER vs. driver voltages at B2B (ROP: 7 dBm). (c) BER vs. ROP for 132 Gbaud PAM-6 signal
after 500 m transmission (with and without non-linear pre-distortion). (© 2022 IEEE)

Now, to increase the system capacity, we transmit PAM-6 signals, which increases the net rate
by 25% at the same symbol rate. In Fig. 3.26 (b), we test the driver requirement for 136 Gbaud
PAM-6 signal. In this case, at B2B, with only linear equalization, 1 Vp, driving signal gets us
to the BER floor. But non-linear equalization keeps on improving the BER performance with
higher drive voltages. This means that with only linear FFE, the performance improvement due
to a higher driver swing and extinction ratio (ER) is offset by the system non-linearity, and
higher order PNLE can bring down the BER floor. For all the three curves in Fig. 3.26 (b), 71
linear taps are used. For higher order PNLE, 11 second order and 3 third order beating terms
are utilized. Considering the complexity of third order non-linear equalizer, we keep ourselves

limited to 2" order PNLE with a maximum of 11 beating terms for the reminder of the work.

As shown in Fig. 3.26 (b), with only 2" order PNLE at the receiver, we can barely reach the
HD-FEC threshold at B2B. This degrades further after transmission and BER below the HD-
FEC threshold is not achievable. Therefore, we also employ non-linear pre-distortion (NLPD)
based on a LUT at the transmitter side. In Fig. 3.26 (c), we test the different DSP schemes for
132 Gbaud PAM-6 after 500 m for the two driver voltages. Transmitter side NLPD and receiver
PNLE with a 1.4 Vp, drive voltage shows the best performance, the HD-FEC BER threshold

being reached at 6 dBm ROP. Interestingly, at a higher ROP (8 dBm), a 1 V,,, driving signal
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can also get us to the BER threshold. Akin to the PAM-4 case, at low ROP, higher driving signal
helps but the BER differences become less pronounced at higher ROP. We can also find that
the curves with NLPD and receiver FFE almost coincide with receiver PNLE curves with no
pre-compensation. Given the complexity of PNLE (and VNLE in general), the former
combination could be an attractive choice for the next generation high speed IM/DD
transceivers. Next, to evaluate the BER penalty coming from the CD induced fading, we plot
the BER vs. ROP for two different symbol rates in Fig. 3.27 (a). 132 Gbaud PAM-6 shows a
3.3 dB penalty at 500m vs. the B2B case. For 128 Gbaud this is found to be around 2.2 dB (not
shown here). 144 Gbaud BER curves are well above the adopted HD-FEC threshold but reach

a BER below 1.5X 107 at a high ROP after 500 m transmission.
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Fig. 3.27 (a) BER vs. ROP for 132 Gbaud and 144 Gbaud PAM-6 signal (with NLPD and PNLE). (b) BER vs.
net bit rate assuming 6.7% OH HD-FEC BER threshold (ROP: 7 dBm with receiver PNLE). (¢)-(d) Eye-
diagram of processed eye along with symbol histogram at 144 Gbaud after 500m. (© 2022 IEEE)

Next, Fig. 3.27 (b) presents the BER vs. net bit rate assuming a 6.7% OH HD-FEC, for PAM4,
DB-PAM4 and PAM6 format. An additional DB pre-coding and encoding is required for DB
signaling. We use both NLPD and PNLE for DB-PAM4 and PAM-6 and only PNLE for PAM4
case (optimal performance). DB-PAM4 is attractive because of its lower BW requirement.
However, the downside is that it creates 7-level signaling, which requires stronger SNR, and
suffers from non-linearity (Fig. 3.27 (d)). Therefore, at B2B, where the transmitter is the main
BW limiting factor, DB-PAM4 outperforms PAM4 format by a good margin but the difference

decreases after transmission. We could transmit 162 (155) Gbaud DB-PAM4 as compared to
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148 (144) Gbaud PAM4 at B2B (500 m transmission). Fig. 3.27 (b) shows that for our setup,
beyond 265 Gbps, PAM6 outperforms PAM4 format, and we can transmit net 318 Gbps (136
Gbaud PAM6) at B2B and net 308 Gbps (132 Gbaud PAM6) over 500 m. At a lower overhead
KP4-FEC BER threshold, PAM4 is the optimum format, and net 250 Gbps (132 Gbaud PAM-
4) is also achievable. We can see that beyond 140 Gbaud (net 262 Gbps PAM4 and net 330
Gbps PAM6), the BER deteriorates rapidly, and this is due to the degradation of generated
driving RF signal. The figure also demonstrates that with the current generation of DACs and

drivers, PAMG is the format to choose for net 300G IM/DD.
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Fig. 3.28 (a) NGMI vs. net bit rate at B2B and after 500 m transmission assuming 19.02% OH SD-FEC (ROP: 7
dBm), (b) NGMI vs. ROP for 128 Gbaud, 140 Gbaud and 144 Gbaud PAM-§ format. (© 2022 IEEE)

Finally, to assess the maximum achievable throughput with our TFLN modulator, we test the
MZM with PAMS format at different symbol rates from 90 Gbaud to 146 Gbaud. Since better

extinction ratio is required for PAMS signal, we drive the MZM with 1.4 V;,, (<300 mV RMS)
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and use 2" order PNLE at the receiver to compensate for the nonlinearity. Fig. 3.28 (a)-(b)
show that we can transmit net 360 (350) Gbps at 144 (140) Gbaud at B2B (500 m) with our
high bandwidth modulator. At lower symbol rates, the effect of power fading is small, and we
achieve similar NGMI values at both B2B and after 500m. The NGMI gap increases with
symbol rate as the power fading gets severe. Stronger DSP, like maximum likelihood sequence
detection (MLSD) could further improve the overall performance but is not well suited in

practice for short links given the stringent power constraints.

3.4.4 Summary

In this section, we presented transmission results with a 95 GHz 6-dB EO BW and 1.5 V V;
TFLN MZM in the C-band. With a 1.4 V,, drive signal (275 mV RMS) we transmitted net 308
Gbps (132 Gbaud) PAM6 signal over 500 m of SSMF (~ 8-9 ps/nm dispersion) below the 6.7%
HD-FEC BER threshold of 3.8x107. 144 Gbaud PAM-4 was also achieved with a 1 V,, drive
signal (225 mV RMS) below this BER threshold. Adopting 19.02% OH SD-FEC, we could
further extend the system capacity to net 350 Gbps (140 Gbaud) with PAM-8 signaling. These
are the highest reported PAM transmission rates using a TFLN modulator. We expect similar
BW and Vi performance with the O-band MZM design, which are preferred for short reach
due to much lower dispersion values and longer transmission reach will be achievable. Our
results demonstrate the suitability of the TFLN modulator platform for single lane 250, and

300+ Gbps intra-data center applications.

To conclude the chapter, in Table 3.4, we present a summary of recent high-speed
demonstrations in IM/DD system with SiP, TFLN and other modulator materials highlighting
the significance of the results presented in this chapter. Results of Ref [13] and Ref [18] are
included in this chapter and Ref [112] is an extension of the TFLN work with a next generation

DAC.
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Table 3.4 State-of-the-art single-polarization single-wavelength demonstrations in IM/DD system

Year Symbol Rate  Net rate FEC Driver and
Transmitter
[Reference] (Gbaud) (Gbps) OH DSP
2021 [18] SiP MZM 128 310 19.04%  Single drive
(Linear FFE)
2023 [110] SiP MRM 110 275 20% Single drive
(PNLE)
2023 [111] SiP MZM 150 282 6.25%  Single drive
(FFE+DFE)
2022 [13] TFLN MZM 132 310 6.7% Single drive
140 350 19.04%  (PNLE)
2023 [112] TFLN MZM 172 400 6.7% Single DAC
180 450 20% driveless
(PNLE)
2023 [113] EML 160 376 6.25%  Single drive
(FFE+DFE)
2021 [101] EML 134 348 15.31%  Single drive
(VNLE+DFE)
2022 [114] LiNbO3 100 300 27% Single drive
MZM (PNLE)
2019 [103] InP 162 420 27% 2Ch AMUX
DAC
(NLPD+FFE)
2022 [52] Plasmonic 143.7 36.4 19% Single drive
MZM (VNLE+DFE)
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Chapter 4 Reach Extension for C-band IM/DD

Transmission enabled by Optical Filtering

4.1 Overview

In chapter 3, we demonstrated high-capacity transmission with SiP and TFLN modulators for
DCI applications. But the transmission reach was limited in this case. For C-band, we limited
ourselves to 500 m and for O-band it was 10 km. 4 channel parallel single mode (PSM) and
CWDM transmission for 100 Gbps+ transmission mostly uses O-band due to lower dispersion.
C-band operation is important for full duplex bidirectional transmission systems and WDM
passive optical networks (PON). In order to allow link capacities of several Tbps, dense
wavelength division multiplexing (DWDM) is necessary, which also requires the system to
work in the 1550 nm transmission window [115]. But the operation at 1550 nm is challenged
by strong chromatic dispersion (CD) as mentioned several times in the previous sections. In

this chapter, we focus on optical domain solutions to extend the transmission reach in C-band.

To tackle the CD induced power fading in IM/DD system, either dispersion compensating fiber
(DCF), or an optical dispersion compensation module (ODCM), or optical filter becomes
necessary for high symbol rate transmission. In section 4.2, we report the characterization and
transmission performance of a SiN optical dispersion compensator for 10 km transmission. The
designed all-pass ring resonator-based dispersion compensator shows an FSR of 100 GHz (0.8
nm), which can be used in DWDM application. The ODC is utilized in an MZM based dual
pole IM/DD system with Stokes Vector Receiver (SVR) to enable the transmission of 60 Gbaud

PAM4 signal over 10 km of SSMF in the C-band.

In section 4.3 and 4.4, we focus on C-band DML transmission. DML is an attractive choice for
next generation DCI application for its power efficiency and simple structure. However, the
inherent chirp and non-linear behavior makes it difficult to predict the BER performance of

DML/DD system over a range of propagation distance. In section 4.3, we present a detailed
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simulation of PAM4 BER performance with DML. We try to analyze the impact of transient
and adiabatic chirp over positive and negative dispersion regime and determine their impact.
We also characterize a commercial DML and show strong agreement between simulation and
experimental results. Next, in section 4.3, we try to improve DML performance with the aid of
an optical filter, which is most commonly known as chirp managed laser. We propose a semi-
analytical approach to identify the optimal filter profile and its offset with respect to the DML
signal spectrum. This can be applicable for any DMLs with different laser parameters, as well
as various modulation formats to achieve a desired ER. We present a detailed simulation study
of the proposed method for both OOK and PAM4 format, with a particular emphasis on PAM4
signaling for higher throughput. Finally, we test the impact of optical filtering and DSP
algorithm in a 35 Gbaud PAM4 transmission system with a 17 GHz directly modulated DFB

laser.

4.2 224 Gbps C-band Transmission over 10 km enabled by a SiN
Optical Dispersion Compensator

4.2.1 Motivation

To achieve higher spectral efficiency, polarization multiplexed signaling is important and the
Stokes vector receiver (SVR) can enable dual-polarization (DP) IM signal detection with
simple digital signal processing (DSP). The DSP can recover the transmitted Stokes vector
through linear multiple-input multiple-output (MIMO) equalization to invert the polarization
[116, 117]. In this section, we present the use of an integrated optical dispersion compensator
(ODC) in a high symbol rate polarization-division-multiplexed (PDM) direct detect system,
that enables 224 Gbps net rate transmission over 10 km of SSMF in the C-band at a BER below

the 6.7% overhead HD-FEC threshold of 3.8x107.
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4.2.2 Optical Dispersion Compensator based transmission setup
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Fig. 4.1 (a) Experimental setup, (b) Structure of SVR (© Optica Publishing Group)

Figure 4.1 (a) shows the experimental setup. At the transmitter (Tx), a tunable laser operating
at 1550 nm and a 35 GHz LiNbOj3 intensity modulator is used. The modulator is driven by an
amplified RF signal. As in the previous chapter, the Tx side DSP includes PAM4 symbol
generation, pulse shaping via a raised cosine (RC) filter, pre-emphasis of the RF chain,
nonlinear pre-compensation of the modulator, clipping and resampling to the DAC sampling.
Here we use an older generation of DAC, that runs at 88 GSa/s. After the modulator, the ODC
is used for CD pre-compensation. The ODC is fabricated on a Silicon Nitride platform and is
composed of three cascaded all-pass microring resonators to compensate for a total group delay
of 68 ps [118, 119]. This value corresponds to the total group delay introduced by 10 km of
SSMF (170 ps/nm CD) with a constant dispersion passband of 50 GHz (0.4 nm). The total
footprint of the device is 2.2x0.56 mm?. As the ODC is polarization sensitive, it is used before

dual-polarization emulation.

The DP signal is then launched into 10 km of SMF and then amplified before entering the
Stokes vector receiver (SVR). Figure. 4.1(b) depicts the SVR implementation as reported in
multiple works [116]. It comprises a polarization beam splitter (PBS), two 70/30 power splitters

and a 90° optical hybrid followed by two balanced and two single ended photodetectors. The
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output photocurrents are then digitized using a 4-channel 80 GSa/s RTO with 33 GHz
bandwidth (BW) and fed to subsequent DSP that recovers the transmitted X-pol and Y-pol
intensity through linear 4x2 MIMO filtering to invert the polarization rotation that occurred
along the fiber. The principle of SVR and required DSP processing have been discussed in

greater detail in section 2.4.
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Fig. 4.2 (a) Group delay response (b) Group delay for only channels (c) Optical spectrum of the ODC.

4.2.3 Experimental Results

At first, we try to characterize the ODC. Fig. 4.2 (a) plots the group delay response of the
fabricated ODC measured by an optical vector network analyzer (OVNA). From Fig. 4.2 (a)
and Fig. 4.2(b), we can see that the ODC exhibits a maximum group delay (GD) of 62 ps and
is very similar over the wavelength range. The group delay is slightly lower than the targeted
GD of 68 ps. The ring resonators of the ODC were designed with a target free-spectral range
(FSR) of 100 GHz (0.8 nm). Fig 4.2 (¢) plots the optical frequency response of the ODC, which

shows that the magnitude response is flat within 0.8 dB with an FSR of 0.8 nm.

Fig. 4.3 (a) shows the transmission results with the designed ODC. Here, single polarization
(SP) PAM4 results are obtained by disconnecting one branch of the emulator. As can be seen
from the blue (SP) and black (DP) curves, 65 Gbaud PAM4 signaling is achievable below HD-
FEC threshold in B2B. This limit is mainly due to the low pass responses of the system
components and the 33 GHz brick wall RTO BW. Due to power fading, this high symbol rate
signal cannot be transmitted over 10 km without CD compensation. The red curve in Fig. 2(a)

shows that the fabricated ODC enables 60 Gbaud (240 Gbit/s) and 50 Gbaud (200 Gbit/s) PDM
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PAM4 signal transmission over 10 km at a BER below the HD-FEC threshold of 3.8x107 and
KP4-FEC threshold of 2.4x10 respectively. These results are obtained when 39 MIMO filter

taps are used to de-rotate the polarization and mitigate the residual ISI.
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Fig. 4.3 (a) BER vs. symbol rate for PAM4 signal (b) BER vs. MIMO filter taps for 60 Gbaud PDM PAM4
signal (c) Eye diagrams at 60 Gbaud (only one polarization is shown) (© Optica Publishing Group).

Fig. 4.3 (b) shows the BER dependence as the number of taps of the receiver filter is varied for
the 60 Gbaud signal. A minimum of 37 taps are required to get a BER below the HD-FEC
threshold and the eye diagrams of the received signal are shown in Fig. 4.3 (¢). It is seen that,
despite using the ODC, after 10 km transmission, some residual dispersion exits, and this

results in more errors between the top two levels degrading the BER.

4.2.4 Summary

Successful transmission of 60 Gbaud PDM PAM4 signaling (net 224-Gbps/A) below the HD-
FEC threshold of 3.8x10 over 10 km in the C-band is demonstrated in this work. An all pass
microring resonator based ODC and a Stokes vector receiver (SVR) enabled this transmission
reach. This reach can be farther extended by cascading multiple ODC blocks on the same

photonic circuit.



Page | 83

4.3 DML based PAM4 Signal Transmission

4.3.1 Motivation

As mentioned previously, directly modulated lasers (DMLs) are a cost-effective, compact and
low-power transceiver solution for the next generation high data rate optical access systems,
including passive optical networks (PON), 5G wireless networks, and dense wavelength-
division multiplexing (DWDM). Compared to externally modulated lasers, DMLs provide
higher output power with lower power consumption for long-range transmission reach without
the need for optical amplification. However, the limited electro-optic bandwidth of a DML
restricts its capacity to achieve higher transmission speed using on-off keying (OOK). To
improve the throughput, 4-level pulse amplitude modulation (PAM4) is employed [120].
Several recent reports demonstrate up to 100 Gbps PAM4 transmission in the O-band [121-
125], and ongoing efforts are being made to improve DML bandwidths (BW) [125-127].
Despite these advances, the inherent frequency chirp of a DML is a significant limiting factor
that restricts its transmission reach and speed in the presence of fiber dispersion (C-band) in
DML/DD systems. The development of C-band DML/DD systems is necessary for the
1.3/1.55-pm full duplex bidirectional transmission systems and WDM passive optical networks
(PON) [128]. Lower optical loss (0.18 dB/km) and mature device technology of C-band
components also demand investigation of C-band DML transmission. Due to higher chromatic
dispersion (CD) in the C-band, its speed is limited to lower rates [129-132] and digital signal
processing (DSP) becomes necessary to compensate for waveform distortions [133-135],

increasing the system complexity and power consumption.

Most of the research into directly modulated distributed feedback (DFB) lasers or vertical-
cavity surface-emitting lasers (VCSELSs) focuses on either improving the device response or
developing better digital signal processing (DSP) algorithms capable of high-speed operation.
Nevertheless, predicting the BER performance of these systems over long dispersion ranges is

challenging due to the nonlinear response and complex interaction between laser chirp and
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fiber dispersion [136, 137]. In prior studies, the transmission performance of OOK and PAM4
signaling in the C-band for directly modulated DFB lasers and VCSELs [129, 131, 138-140]
has been investigated. However, the mutual dependency of the chirp, overshoot, and laser
bandwidth renders it difficult to obtain generalizable receiver sensitivity curves in cases where
a specific DML is employed [129, 138] or where a nonlinear laser rate equation models the
DML [139, 140]. In order to obtain such generalized results, it is important to de-couple the

effects of chirp from overshoot and laser bandwidth.

To that end, this study utilizes the established frequency chirp equation and small signal system
response to evaluate DML transmission performance over both anomalous and normal
dispersion regimes. This is done while implementing the PAM4 format. Unlike a chirp-free
transmitter, the BER of such a system does not increase monotonically with increasing fiber
dispersion; rather, there is a noticeable BER improvement in particular chromatic dispersion
(CD) ranges, which depends on DML’s transient and adiabatic chirp parameters, output
average power, and the considered symbol rate. Furthermore, we demonstrate a strong
agreement between simulation and experimental results. Since, optical filtering has been shown
to improve the performance of DML via proper chirp management [43, 128, 141-144], we also
incorporate an optical filter in our transmission system and test its effect. Finally, we transmit
a 16.5 Gbaud PAM4 signal over -10 km to +20 km of single-mode fiber (510 ps/nm dispersion
range) without any DSP below the 3.8e-3 hard-decision (HD) forward-error-correction (FEC)

BER threshold, using a Super Gaussian (SG) optical filter.

4.3.2 Simulation study of PAM4 signaling in a DML/DD system
4.3.2.1 Small signal frequency response and baseband simulation

The frequency response of the dispersive SMF fiber in an intensity modulation/direct

detection (IM/DD) transmission system can be approximated as [41, 145, 146]:
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Hiyeopp(f, L) = |C05(9(f» L)) - sin(@(f, L))- Hiyeru (f, L)| 4.1)

Here, H;yopu(f,L) is the complex small-signal transfer function between phase and
intensity modulation in the light source characterizing its chirp; 6(f,L) is the phase variation
induced by CD and is expressed as O(f,L) = —2m?f,f?L; where B, is the dispersion
parameter with a typical value of —21.66 ps?/km at 1550 nm, and L is the fiber transmission
reach. In the case of a DML based transmitter, the interaction between phase and intensity

modulation in a laser is described using laser rate equations. Assuming the optical filed of the

DML output Eppy (£) = +/ Py (t) ei?oML®) the frequency chirp, 8fpp(t) is shown to be

[127]:

_ 1dopm(®) _ a 1 dPpmi(®)
Sfom(t) = ———= <PDML(t) o T KPouy (O) (4.2)

where a is the linewidth enhancement factor (LEF) and « the adiabatic chirp coefficient and

Ppu(t) is the output optical power. And H;yopy (f, L) can be expressed as [41]:

jKPavg
Hiyo ,L) = (1 - —)
mmorm(f,L) = a 2nf
And the final frequency response can be simplified as:
Huyopp(f, L) = VI + a2 cos(8 + tan~' @) + j"z’%"sin 0 (4.3)

The theoretical small signal transfer function has been shown to closely match with the
experimental frequency responses [129] and therefore we start by looking at this channel
response for different amounts of dispersion assuming a =4, k = 5.25GHz/mW and
Pavg = 14 mW . These values fit the parameters of commercially available DML already
available in our lab. Here, by negative values of L, we denote negative cumulative dispersion,
which can be achieved by negative dispersion fiber (NDF) or dispersion compensating fiber

(DCF) and is also important for O-band transmission.
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(a) Positive Dispersion (b) Negative Dispersion

15 15 ‘
— - 7 ,<
o 10 o 107
= [ = /
f
S s5¢ & 5
c =
2 ]
[«
(4]
o 4
g 51 e 5l
. c
8 _ Dlstanci [km] . s Distance [km]
O 0[|—L=0 L=9 L=18 O -10|—L=0 L=-9 L=-18
—L=3 L=12 L=21 = = =
—L=6 L=15 —L=24 _t:: t-}ﬁ_t_ 21
15 : : : -5 — e
0 10 20 30 40 0 10 20 30 40
Frequency [GHz] Frequency [GHz]

Fig. 4.4 Frequency responses of fiber channel (SMF) in a DML/DD system induced by adiabatic and transient

chirp after (a) positive distance and (b) negative distance.

Fig. 4.4 illustrates the frequency response of the channel as a function of the transmission
distance. The observed response is influenced by the interplay between the transient and
adiabatic chirps and fiber dispersion. For the positive dispersion case, at short distances (say 3
km), in the low frequency region, the response mimics that of a low-pass filter (LPF). Then it
shows a rising trend over a frequency range followed by multiple notches at higher frequencies.
It is the transient chirp that acts as a LPF (cosine term) whereas the adiabatic chirp exhibits a
high pass filtering (HPF) response (sine term) and as the transmission distance increases, due
to the combined effect of both chirps, the frequency response shows band pass effects in the
low frequency region and multiple notches at higher frequencies. However, in the negative
dispersion region, the rising trend is present from the beginning due to positive a value, making

the sign of the second term in Eq. 4.1 positive.

Next, assuming an ideal transmitter (i.e., no low pass response from signal generator), we
investigate the impact of the dispersive channel due to chirp alone, resulting in some interesting
observations. We generate a baseband PAM4 signal, and after adding white Gaussian noise,
we analyze the BER and eye diagrams of the filtered signal. We simulate 28 symbols with
16 samples per symbol period (sps) and BER bathtub curve is used to find the best sampling

point. The small signal response in Fig. 4.4 is used to filter the signal, and we vary the LEF
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(@), adiabatic chirp factor (k) and P, while keeping the symbol rate fixed at 16.5 Gbaud, as
shown in Fig. 4.5 (a-c). At the receiver, we employ a 4™ order Bessel receiver with a 3-dB

bandwidth of 75% of symbol rate (B) to filter the noise.
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Fig. 4.5 Effect of chirp-CD interaction for different transmission distances (a) B =16.5 Gbaud, k =5.25
GHz/mW, Pavg = 14 mW, and various a values (b) B =16.5 Gbaud, a = 4, Pavg = 14 mW and various &
values, (¢) B=16.5 Gbaud, o = 4, k = 5.25 GHz/mW and different average power, (d) a =4, k =
5.25 GHz/mW , Pavg = 14 mW for different symbol rates.

In the positive dispersion region, from Fig. 4.5, we can see that the BER degrades drastically
as the total accumulated dispersion (CD) increases until a certain transmission distance and
then suddenly starts improving and subsequently starts becoming worse again. The distance

where it starts improving depends on the chirp parameter, symbol rate, average output power

and is proportional to , where T is the symbol duration. On the negative dispersion

avg

region, the BER improves initially and then keeps on degrading due to the high pass channel
response. It also shows a slight trend of improvement for a short range but much less than the

positive CD region.
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To better understand this behavior, we observe the eye diagrams after several distances for
a =4, k=525GHz/mW and F,,; = 14 mW.For B2B (0 km), the receiver LPF (4™ order
Bessel) introduces some inter-symbol-interference (ISI). After 4 km, the eyes are almost closed
due to strong low pass filtering. Followed by that, the eye starts opening due to the HPF effect.
This results in much clearer eyes after 8§ km and after that the eyes start degrading again and
show strong overshoots. Therefore, receiver LPF becomes helpful for longer distances. The
minimum BER is achieved after -2 km propagation due to the slight high pass filtering, which
counteracts the receiver LPF. Without receiver LPF, the BER is minimum at B2B and keeps

on degrading as negative CD increases.
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Fig. 4.6 Simulated PAM4 eye diagrams after different transmission distances for 16.5 Gbaud signal filtered with

channel response as given by Eq. (2).

4.3.2.2 Complete transmission system simulation

Next, to verify this behavior, we conduct simulation for the same chirp parameters but taking
the electrical to optical and optical to electrical conversion into consideration. The DML
response can best be described by a set of nonlinear equations involving carrier and photon
densities [127]. By extracting the rate equation parameters, it is possible to model the DML
response quite accurately [136]. However, to simplify the simulation environment, instead of
using the non-linear laser rate equations, we use specific values for o and x parameters to

predict the DML response. Complex optical waveform samples are generated based on Eq.
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(4.2) for a certain average output optical power, F,,, and optical modulation amplitude
(OMA), defined as OMA = Pyigp — Piow; Where Ppigp and Py, represent the power of the
top and bottom levels. By OMA, we mean the outer OMA in our simulation. Using Eq. (4.2)
instead of the coupled rate equations allows us to independently look at the impact of chirp
parameters, DML BW, DML average power and OMA. As in the previous section, we perform
simulation at 16.5 Gbaud. Electrical waveforms are generated by filtering an ideal square pulse
train with a Gaussian filter with a 3-dB BW of 25 GHz mimicking a pulse pattern generator
(PPG) response. We use a Butterworth low-pass filter of 2" order (3-dB BW equals to 18 GHz)
for the DML, PIN photodiode (PD) with 4" order Bessel response and a transimpedance
amplifier (TIA) with 2" order Bessel response, transimpedance, Zr = 4000 Q, input referred
noise current spectral density of 13.5 pA/NHz, and a BW of 15 GHz. The fiber is assumed to
be loss-less with a dispersion coefficient, D=17 ps/nm/km (or, B,=—21.66 ps’/km). The
received optical power (ROP) onto the PD is fixed to -7 dBm. Higher ROP gives better BER
performance with very similar trend. Higher OMA at B2B also results in improved BER due
to higher extinction ratio (ER) and better receiver swing. However, after fiber transmission,
higher OMA does not ensure better performance due to detrimental effects of broader
spectrum, higher overshoot and stronger eye skewing. The eye skewing can be explained by
the fact that due to adiabatic chirp, each of the four PAM4 intensity levels correspond to
different frequency offsets and propagate at different speeds through the fiber causing
amplitude-dependent skew [147]. In Fig. 4.7 (a) and 4.7 (b), we use an OMA of 4.8 mW and
Pae = 14 mW to demonstrate the impact of LEF and adiabatic chirp coefficient for a

propagation range of -15 km to +15 km.
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Fig. 4.7 16.5 Gbaud PAM4 BER performance after3 different transmission distances with 4.8 mW OMA (a) «
=5.25 GHz/mW, P,z = 14 mW, and various a values (b) a =4, Pa,=14 mW and various x values, (c)
a =4, k=525 GHz/mW and different values of average power, (d) a« = 4, k = 5.25 GHz/mW, P,,,= 14

mW for different values of receiver BW.

The complete transmission system response shows similar trends compared to small signal
simulation. However, the BER in this case depends on several additional factors like PPG,
DML, PD and TIA BW response and noise performance. Additionally, the eye skewing effect
and the sampling instance used also affect the BER performance significantly. Fig. 4.7 shows
that as we increase the transmission distance on the positive dispersion region, the BER initially
degrades for some distance and then improves for a range of CD values followed by continuous
degradation. This has been observed in previous research works for DML and VCSEL
transmission with both OOK  [129, 138, 139] and PAM4 [131]. As for the negative
transmission distance, the BER at first improves slightly (due to positive o) and then
deteriorates fast followed by a slow degradation. The B2B BER and the BER after the optimum
CD value are nearly the same. For example, for a LEF of 3 (4) and k = 5.25 GHz/mW, BER

after 10 km (8 km) is close to the B2B BER. However, this depends strongly on the receiver
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BW and sampling instances. In Fig. 4.7 (d) we plot the BER vs. Rx BW. The optical eye
diagrams after different propagation distances are shown in Fig. 4.8. Receiver BW helps reduce

the impact of overshoots after longer transmission reach significantly and needs to be chosen

carefully [139, 148].

.
Wl
A

Fig. 4.8 Simulated PAM4 optical eye diagrams after different transmission distances for a = 4, x =5.25
GHz/mW, Pa,e= 14 mW, OMA = 4.8 mW.

In Fig. 4.5 (c) and Fig. 4.7 (c), we demonstrate the BER performance versus CD for different
average DML output powers. Although Fig. 4.5 (c) shows little variation in BER using small-
signal model, Fig. 4.7 (c¢) demonstrates a clear improvement in the BER when the average
output power is reduced, especially at low dispersion values. For small signal model we kept
the SNR of the RF signal generated at B2B identical in all cases and therefore found the BER
to remain unchanged and this result is also independent of the OMA. However, this is no longer
the case for the complete transmission system simulation. Reducing the average output power
for the same OMA increases the extinction ratio (ER) of the signal, which in turn enhances the
receiver sensitivity and improves the eye opening at the detector output. However, this
improvement comes at the cost of increased transient chirp, which widens the optical spectral
width and leads to high pulsation by the relaxation oscillation. Therefore, at B2B, lower
average output power gives better performance. But after fiber propagation, this results in

worse BER performance compared to the case of higher average power. To extend the
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propagation distance, one may enhance the ER without affecting the transient chirp, which
could then mitigate the adverse effects of both transient and adiabatic chirps. However, this
condition is not achievable solely through direct modulation and a post- optical processing step

may be required after the DML, as elaborated in the following section.
4.3.2.3 Effect of optical filtering in a DML/DD system

From Fig. 4.4 to Fig. 4.8, we demonstrated that the BER of a DML/DD system is severely
impaired by the chirp-dispersion interplay, and it is not possible to transmit signal to even 15
km. The impact of transient chirp can be suppressed by working at a higher bias current, and
the adiabatic chirp can be utilized by proper optical spectral reshaping. For OOK, this concept
is known as chirp-managed laser (CML), where an optical bandpass filter is carefully
positioned to cut the zero frequency components increasing the ER (by FM-AM conversion)
and the DML is driven with an optimum drive current that allows for phase-correlative
modulation between adjacent bits [43]. The filter can be an arrayed-waveguide grating (AWG)
filter [148], or a micro-ring resonator based filter [143, 144], or a Bessel filter [141], or a delay
interferometer based notch filter [149]. More details regarding the optimum filtering are
presented in section 4.4. The optimum OMA for CML condition depends on the symbol rate

and chirp parameters and is given as [141]:

21
OMACML = a B

For a =4,k = 5.25 GHz/mW, at 16.5 Gbaud the required OMA is 4.93 mW for OOK
signaling. For PAM4, due to the presence of four levels, the same argument does not hold.
Nevertheless, an optical filter improves the system performance due to frequency modulation
to amplitude modulation (FM-AM) conversion, AM-FM conversion, optical duobinary (ODB)
effect, minimum shift keying format generation, the vestigial sideband (VSB) effect etc. [127].
Here, we employ a SG filter of 2™ order with a bandwidth of 50 GHz to show the impact of
optical filtering. The center frequency is initially set to the maximum transmission of the DML

spectrum, and then shifted to attenuate the low frequency contents. The frequency offset is
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defined as the center frequency of the optical filter and peak DML spectrum. We show the
effect of filtering in Fig. 4.9 for two different OMA values for the same DML output power
and ROP. We can see that filtering can significantly improve the transmission performance of
DML/DD system. However, the curves still follow the same trend as achieved with only DML
transmission. If the excess filtering loss is considered, the BERs at higher offset values become

worse but still is found to better than “DML only” case (not shown here).
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Fig. 4.9 Simulated PAM4 BER vs. transmission distance after a super gaussian (SG) optical filter with 50 GHz
BW for different frequency offsets calculated from the peak of DML spectrum.

Fig. 4.10 (a) and 4.10 (b) demonstrate the optical eye diagram after 4 km and 20 km
respectively. We use a 50 GHz Bessel filter for the optical eyes. We can clearly see that for
longer propagation, stronger filtering is required. In Fig. 4.10 (c), we plot the electrical eyes
after 15 GHz PD (4" order Bessel filter) and a 15 GHz TIA. The LPF helps improve the eyes
significantly. The eyes are almost completely open after 25 GHz SG filter. However, the
temporal skew caused by the velocity mismatch is also visible after 20 km propagation, which
ultimately degrades the BER. In anomalous region, the topmost level (highest frequency
components) arrives earliest, and it causes a left tilt and in the normal region, it is simply the

opposite. The maximum skew between the outermost levels can be estimated as:
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ATspew = (6App)LD , where 61y, = (6vy,)A5/c and peak-to-peak chirp, vy, =
% Kk (OMA); A, being the wavelength of operation. Therefore, for a 20 km transmission with

an OMA = 4.8 mW, the estimated skew is 21.84 ps, which is ~36% of UI (unit interval). In
our simulation it is slightly smaller due to the receiver LPF. However, as will be shown in next
section, the DML output at B2B usually shows slight left tilt at higher OMA [121, 122]. This
is because the DML turns on faster when driven with a higher modulation current (higher BW),
causing the lower transition eye to lag the upper eyes in PAM4 waveforms. This aggravates
the skew effect and makes the optimum sampling harder at the detector output. Due to this,
after longer transmission, PAM4 BER degrades faster for higher OMA and sets an ultimate
limit on the reach. This is even more destructive in a practical system, where there is timing
jitter and determining optimum sampling point and the threshold values are difficult with level
dependent noise and eye-skew. Linear signal processing cannot compensate for this timing
skew and nonlinear pre or post compensation becomes necessary to tackle this as demonstrated

in Ref. [150].

= s

(a) 4 km prop. Opt. (b) 20 km prop. Opt. c) 20km prop. Elect.

Fig. 4.10 Simulated PAM4 optical and electrical eye diagrams after a super gaussian (SG) optical filter with 50
GHz BW. a = 4, k =5.25 GHz/mW, P,;= 14 mW, OMA =4.8 mW.
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4.3.3 DML characterization

In this section, we show the characterization of the DML used in our experiment and verify the

simulation model used in the previous sections.

PAMA Signal
LCA

Variable Gain
OSA RF Amp. OSA
L 4 }4 ( ( ( ) @ \ DCA
A VOA SSMF Optical ot SSMF Ol?gcdal
VOA
Bias (@) Waveshaper Bias (50-70 (b)

Fig. 4.11 (a) Experimental setup to measure channel response after SSMF and test the effect of optical filtering,
(b) Experimental setup to test the effect of OMA, CD and receiver BW.

Since the parameters a and k play a critical role in our simulation, we at first try to estimate
them by doing a small signal measurement with Keysight lightwave communication analyzer
(LCA) as depicted in the experimental setup (Fig. 4.11 (a)). We start with the measurement
of the EO S21 response of the DML itself at various bias currents. The threshold current of the
distributed-feedback laser diode (DFB-LD) was around 15 mA and at a bias current higher than
60 mA, the packaged module exhibited a 3-dB BW of 18 GHz. The average optical output
power at 70 mA and 25°C was found to be 14 mW, with the lasing wavelength at 1546 nm.
Next, we propagate the modulated DML signal through standard single mode fiber (SSMF) of
various lengths and measure the channel response. In Fig. 4.12 (a), we show the channel
response at B2B and after 43 km fiber. To determine the true channel response, we normalized
the frequency response using B2B data. We fit the 20 km, 43 km, and 63 km system responses
using Eq. (4.3) and the parameters for the best fit were found to be a =4, k =
5.25 GHz/mW . The measured frequency responses shown in Fig. 4.12 (b) are in good
agreement with the theoretically calculated curves. Although some deviation was observed in
the low frequency regime, the notches are very well predicted by Eq. (4.3). To investigate the
impact of bandpass optical filtering, we use a programmable optical filter (Finisar waveshaper)

which allows us to study the impact of different filter profiles like Gaussian, SG, Butterworth
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and Bessel with different bandwidths and frequency offsets. In Fig. 4.12 (c), we plot the system
response for different filters, when the filtering loss is uncompensated (these are not the
optimum filters). This figure illustrates that attenuating the low frequency signal spectrum with
an appropriate filter can flatten the system response, which helps to improve the overall BER

performance.
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Fig. 4.12 (a) Measured channel response of the packaged DML at B2B after 43 km of SSMF, (b) Measured and
simulated channel responses with a = 4, kK =5.25 GHz/mW, Pavg = 14 mW, (c) Effect of optical filtering in a
DML/DD system as measured by LCA.

As a next step, we modulate the DML with a PPG and variable gain RF amplifier (VGA).
The setup is shown in Fig. 4.11 (b). We then observe the optical eyes on the digital
communication analyzer (DCA) with 12.8 GHz BW receiver filter (4™ order Bessel) and the
spectrum with an optical spectrum analyzer (OSA) with 0.01 nm resolution. We start with OOK
signaling at a lower symbol rate of 10 Gbaud and tune the gain of the VGA to get to different
OMA values. At a lower OMA of 4 mW, the spectrums corresponding to 0 and 1 are not
separated well enough for the OSA to differentiate. However, with a higher OMA of 7 mW,
the frequency modulation of DML output spectrum is clearly visible. But for the PAM4 case,
the spectrums corresponding to the 4 levels are close to each other and therefore even at 7 mW
or 8 mW OMA they are not distinguishable. The simulated spectrum with 0.01 nm resolution
matches well with the experimentally obtained spectrum. However, this requires fitting the
DML EO S»1 well with the simulation. The eyes after DML for OOK and PAM4 for different
OMAs are also plotted in Fig. 4.13. The simulated and experimental eyes verify that the

simulation model used in section 4.3.2 is accurate enough to predict the DML response except
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the small eye-skew resulting from the nonlinear dynamics of the DML which causes the rising

edge of the output to be faster than the falling edge.
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Fig. 4.13 Measured (Blue) and simulated (Orange) optical spectra and eye diagrams for 10 Gbaud OOK and
16.8 Gbaud PAM4 for different OMA (50 mA bias current).



Page | 98

4.3.4 PAM4 transmission experiment

In this section, we look at the effect of OMA, chromatic dispersion, and receiver BW on
PAM4 eyes. Since higher bias currents ensure better EO BW, maximizes output power, and
suppresses the transient chirp, we bias the DML at 70 mA for the subsequent transmission
measurements. At lower bias currents more eye closure and skew were observed in the optical
eyes due to lower BW and higher nonlinearity [147]. The same experimental setup as in Fig.
4.11 (b) is utilized for this target. The received optical power was kept constant to around 2
dBm for the different distances by controlling a variable optical attenuator (VOA). Given the
limited BW of the DML, we limited our analysis below 20 Gbaud in this section. Fig. 4.14
shows the optical eye diagrams at three different OMAs and transmission distances for 12.8
Gbaud PAM4 signaling. At B2B, the eyes show better openings at a higher OMA. However,
after propagation we observe stronger eye skew due to higher peak-to-peak adiabatic chirp and
overshoot coming from both the adiabatic and transient chirps. Similar conclusion is drawn for

16.8 Gbaud and 20 Gbaud signaling as well.

OMA 3mW 4.5 mW _ 6 mW
B2B ;

5 km

10 km

Fig. 4.14 12.8 Gbaud PAM4 optical eye diagrams for different OMAs at B2B and after fiber propagation.

The overshoots seen after propagation can be reduced by the receiver low pass filter. To

verify this we use DCA’s signal processing toolbox to find the optimum receiver BW for 12.8
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Gbaud and 16.8 Gbaud signaling after 12 km propagation. Fig. 4.15 demonstrates that 9-10
GHz BW is optimum at these symbol rates. Without proper receiver filtering the eyes are
almost closed for 16.8 Gbaud and would not be recoverable. Therefore, the optimum receiver

PD+TIA bandwidth should be chosen carefully based on the target reach and symbol rate.

BW
12.8
GBd

BW
16.8
GBd

Fig. 4.15 Effect of receiver BW for PAM4 signaling after 12 km of SSMF for 12.8 and 16.8 Gbaud signal.

Next, we observe the eyes after different propagation distances to verify the CD dependency
as discussed in detail in section 4.2. We propagate the modulated DML output over various
lengths of SSMF and observe the eyes and Fig. 4.16 and Fig. 4.17 plot the eyes on the DCA at
16.8 Gbaud and 20 Gbaud. We can clearly see that the eyes are quite degraded after 5 km and
then improve until 10 km and then start degrading again. Although lower BW receiver is shown
to be helpful for longer reach, for the purpose of practicality, we kept it fixed at 12.8 GHz. A
similar trend is found for a lower OMA of 3 mW and a higher OMA of 6 mW. In Fig. 4.14,
where the symbol rate was 12.8 Gbaud, the BER did not degrade as fast as 16.8 Gbaud or 20
Gbaud signaling. This can be explained by the fact that the eyes start improving after a shorter
distance for higher symbol rate signaling as seen in Fig. 4.5 (d). However, the effects of skew
and nonlinearity are found to be stronger than the simulation after longer reach degrading the

eyes.
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B2B 5 km 7 km

Fig. 4.16 16.8 Gbaud PAM4 optical eye diagrams for OMA = 4.5 mW after different transmission distances
(Rx BW =12.8 GHz).
B2B 5 km 7 km 10 km

Fig. 4.17 20 Gbaud PAM4 optical eye diagrams for OMA = 4.5 mW after different transmission distances
(Rx BW =12.8 GHz).

Finally, we perform a BER analysis with the DML at 16.5 Gbaud. The experimental setup is
shown in Fig. 4.18. A Keysight PAM4 BERT is used for data generation and detection. The
single ended output from the remote head of the pattern generator was limited to 900 mV and
directly drove the DML biased at 70 mA without any RF amplification. This results in an OMA
of 3.8 mW, and an ER of 1.18 dB. The modulated optical spectrum with a 0.05 nm resolution
OSA is shown in the inset of Fig. 4.18. Different lengths of SSMF and DCF are used to test the
performance with positive and negative dispersion. The waveshaper filter is initially set to be
centered at the maximum transmission frequency of DML spectrum so that the signal is not
attenuated. After the fiber, the VOA was tuned to keep the power into the PD to be constant
for various fiber lengths (except for £20 km due to loss limitation). Due to the low ER of the

signal, a high ROP of -2 dBm was chosen which gives a BER of 3e-5 at B2B for the DML only
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case. The PD+TIA showed a 22 GHz 3-dB bandwidth with small peaking. The differential
outputs of the TIA were then fed to the error analyzer for BER measurement. An internal clock

recovery module was used to recover the clock from the PAM4 patterns to clock the error

analyzer.
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Fig. 4.18 (a) Schematic of the experimental setup with PAM4 BERT (inset: Optical spectrum at 0.05 nm

resolution) (b) Histogram of the received PAM4 samples (from error analyzer)
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Fig. 4.19 BER vs. frequency offset after different lengths of (a) SSMF and (b) DCF with a 50 GHz SG OF and
(c) with SG filter of different order and BW.

As shown previously, the eyes are quite degraded after fiber propagation and in most cases
the error analyzer fails to recover the clock for BER measurements. As explained in section
4.3.2, filtering the low frequency contents can improve the eyes significantly. Even at B2B,
filtering can improve BER due to ER enhancement [151]. However, cutting the signal partially
also lowers the ROP and introduces non-linearity. In our experiment, we do not compensate

for the excess filtering loss (insertion loss of the waveshaper is applicable for all cases).
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Therefore, with higher offset values, BER starts degrading and the BER vs. frequency offset
curves show a convex shape. In Fig. 4.19 (a) and 4.19 (b), we show the BER dependency with
a 50 GHz SG filter for different offset values. At B2B, 5-10 GHz offset works best but the
improvement is not too significant. Beyond 10 GHz offset, the gain coming from a better ER
is countered by the ROP loss, increased ISI and added non-linearity. But for 5 km and beyond,
the analyzer fails to even lock the received signal for BER measurement with the “DML only”
case. Fig. 4.18 (b) shows the histogram of the received PAM4 samples at the optimum sampling
point after a SG filter of 4 GHz offset. The histogram and the BER curves for 5 km and 10 km
verify the better performance at longer distances for DML/DD system. An offset of 22-24 GHz
gives the best BER for 5 and 10 km. It is important to point out that although the “DML only”
BER was worse after 5 km, with strong optical filtering, similar BER values are achieved for
5 km and 10 km case. This might be due to the stronger skew after 10 km propagation. For 15-
20 km of SSMF, an offset of 25-26 GHz gives optimum BER. At these offset values, the ROP
was around 3 dB lower than the DML case. Still, the improved (flattened) system response as
shown in Fig. 4.12 (c) helps to achieve a better BER. For Fig. 4.18 (b), we use DCFs that can
compensate CD for different lengths of SSMF. The BER for the normal dispersion region keeps
degrading for higher CD as expected from Fig. 4.5-4.7. We can see that for higher CD (both
positive and negative) cutting more low frequency component becomes necessary. Lastly, we
try 3 order SG filter with 50 GHz BW and 2™ order SG filter with 40 GHz BW for 15 and 20
km distances in Fig. 4.18(c). A lower BW filter of the same order enables better performance.
Too narrow BW will however introduce strong ISI (20 dB signal BW is ~25 GHz in our case)
and therefore we did not choose low BW filters. We can also deduce that ~3dB attenuation of
signal power (25 GHz offset for 50 GHz or 20 GHz offset for 40 GHz filter) is close to optimum
for higher CD values and can be regarded as a good starting point for the best performance.
The BER achieved here can be further improved with a lower BW receiver as demonstrated in

Fig. 4.15. For a 20 Gbaud PAM4 signal, we could transmit over 15 km with proper filtering
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below the HD-FEC BER threshold, which shows the potential of DML based system for 50G

applications without the need for complicated DSP.

4.3.5 Summary

In this section, we presented an investigation into the transmission of PAM4 signals using
directly modulated lasers for different chirp parameters and fiber chromatic dispersion. Both
baseband simulation and complete transmission system simulation were utilized to evaluate the
BER performance over a wide dispersion range, and experimental verification was conducted
for 16.5 Gbaud PAM4. We also incorporated an optical filter in our transmission system to
evaluate its impact. Finally, with the aid of optical filter, we extended the transmission reach
to 20 km of SSMF in the C-band without requiring digital to analog converter (DAC) or DSP.
The results obtained from the simulations and experiments provide insights into the
performance of the DML/DD system in a broad dispersion range and can be useful for future

access networks.

4.4 Chirped managed laser for multilevel modulation formats: A
semi-analytical approach for efficient filter design

4.4.1 Motivation

As mentioned in section 4.3.2.3, it is possible to enhance the chromatic dispersion (CD)
tolerance of DML/DD system by properly controlling the adiabatic chirp. This approach is
known as chirp-managed laser (CML), and extensive research on non-return-to-zero (NRZ)
CMLs has been conducted over the past two decades [43, 127, 141, 142, 148, 152-155]. For
CML, an optical spectral reshaper (OSR) needs to be carefully used with an optimum drive
current that enables phase-correlative modulation between adjacent bits [156]. The passband
profile of the optical filter (OF) used for the optical spectrum reshaping needs to be optimized

to obtain a desired extinction ratio (ER). For example, Bessel shaped OF with a 3-dB BW of
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7.11 GHz and order of 3 is used in the commercial Finisar DM-200-01 to attain an ER of
approximately 11 dB for a DML with a linewidth enhancement factor, @ ~ 3 and adiabatic
chirp coefficient, k = 11 GHz/mW [157]. However, to the best of our knowledge, no
intuitive filter design procedure has been identified in the literature that explains how CML-
based filter designs are achieved, or how the frequency offset (FO) between the OF and the
DML spectrum should be determined. Various types of optical filters have been reported in the
literature, such as micro-ring resonator based filter [143, 144], Bessel filters [141], Gaussian
filters [154], arrayed-waveguide grating (AWG) filter [148], and delay interferometer based
notch filters [149]. Nonetheless, the criteria for choosing a particular filter over others remains
unclear. The fabrication limitations of the filters, and their suitability in wavelength-division

multiplexing (WDM) applications can influence the selection of filter configurations.

In recent times, several efforts have been made to expand the chirp-managed laser (CML)
approach to pulse amplitude modulation with four levels (PAM4) signaling in order to achieve
higher throughput [151, 158-160]. However, the same NRZ CML concept may not be directly
applied for PAM signals due to the multi-level signaling, particularly at high symbol rates. At
such high symbol rates, higher optical modulation amplitude (OMA) is necessary to satisfy the
phase-correlative modulation condition, which may lead to significant eye-skew after
transmission through the fiber. Nonetheless, optical filtering is still helpful to extend the reach
since the filter not only improves the ER but also produces vestigial sideband (VSB) effect
reducing the information bandwidth. However, the inter-symbol-interference (ISI) and
nonlinearity stemming from the chirp-dispersion interaction is more severe for PAM4,
prompting the adoption of both linear and non-linear DSP algorithms to mitigate these

impairments [133, 140, 150, 161, 162].

In [151], the authors used commercial arrayed waveguide grating (AWG) and demonstrated
100 Gbps PAM4 transmission in the O-band over -70 ps/nm to +53 ps/nm dispersion range. In

[160], with the aid of strong DSP (19-tap cascaded multi-modulus algorithm and 389-tap
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Volterra filter) and tunable optical filter, 100 Gbps over 45 km of standard single mode fiber
(SSMF) has been demonstrated. But the effect of excess loss due to the applied filter and the

optimum filtering conditions have not been fully investigated in these previous works.

In this section, we propose a novel semi-analytical approach to identify the optimal filter profile
and its offset with respect to the signal spectrum. This is applicable for any DMLs with different
laser parameters (a, k), and OMAs, as well as various modulation formats to achieve a desired
ER. We present a detailed simulation study of the proposed method for both OOK and PAM4
format, with a particular emphasis on PAM4 signaling for higher throughput. Usinga 17 GHz
C-band distributed feedback (DFB) DML with an optical filter (OF), we successfully transmit
a 35 Gbaud PAM4 over 20 km (340 ps/nm dispersion) of SSMF at a BER below the HD-FEC
threshold of 3.8e-3. In this experiment, we utilize linear feed forward equalization (FFE) at the
receiver and non-linear pre-distortion (NLPD) at the transmitter. In this optically unamplified
system, we also study the effect of filtering loss and determine the proper filtering shape and

position with respect to the DML spectrum.
4.4.2 CML optical filter design principle
4.4.2.1 Chirp Characteristics of DMLs

The optical field of a directly modulated laser (DML) can be expressed as Epy(t) =
App(®) e79pmML® where Ap, () is the amplitude and @py,,(t) is the phase of the optical

field. The frequency chirp of the laser is given as [127]:

_ 1depm(®) _ a 1 dPpmi(®)
Sfom(t) = ————= <PDML(t) o T KPoumy (t)> (4.2)

where Ppp(£) = |Appy(t) |? is the optical power, a is the linewidth enhancement
factor (LEF) and k is adiabatic chirp coefficient. This equation is useful for understanding the
behavior of the DML’s optical frequency and how it changes in response to variations in the
output power. The frequency chirp can be expressed as a combination of transient and adiabatic

contributions corresponding to the first and second term of Eq. 4.2. Transient chirp is a fast
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chirp that effectively occurs in the rising and falling slopes of the symbols. For a given a, the

PpmL(t) — OMA
dt trise/fall

: o : . d
transient chirp is approximately determined by and the laser output power

0 Therefore, for a given laser BW (the rise time/fall time), the optical modulation
DML

amplitude (OMA) and the average optical power, Py, will determine the transient chirp. The
OMA represents the power difference between the outermost levels and the ER is related to the
OMA and P4 as ER = (Pyyy + OMA/2)/(Payg — OMA/2). For larger ER, the transient
chirp will be larger, specifically during the fall time in which Pp,; (t) becomes even smaller
which in turn causes a larger frequency excursion to the red frequency, as shown in Fig. 4.20(a)
and 4.20(b) for OMA =~ 4mW, and F,,4 = 10 dBm (Fig. 4.20(a) : ER = 1.7 dB) and
Pavg = 7 dBm (Fig. 4.20(b) : ER ~ 3.6 dB). The spectra in the absence of transient chirp are
also plotted here. The laser overshoot is pronounced for a larger ER (lower average power).
Transient chirp can lead to broadening of the laser spectrum which can have negative effects
on the transmission distance, for example by creating an erroneous 1 bit in a 0 bit duration by
constructive interference of two neighboring 1 bits with a 0 bit in between (101). On the other
hand, adiabatic chirp is a slow chirp that depends on the physical properties of the laser («, k)

as well as the output power (Ppy(t)). This chirp causes the frequency modulation (FM)

between the different levels of signal. For example, for NRZ, 6f,qp = %(Pl —Py)) =

% OMA, which leads to an asymmetric laser spectrum making the 1 bits blue shifted relative

to the 0 bits. Therefore, as the signal propagates over the fiber in the anomalous dispersion
region (C-band transmission in standard single mode fiber), for example, 1 bits propagate faster
than 0 bits causing overshoot over 1 bits by constructive interference of the 1 bits and 0 bits if

the ER is not large, and also induces a temporal skew.
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Fig. 4.20 (a)-(b) Simulated DML optical spectra of 10 Gbaud OOK for @« = 4, k = 5.25 GHz/mW, OMA =
4 mW for different ER, (c) Measured and simulated optical spectra and eye diagrams for OMA = 5.2 mW, (d)
Simulated DML and CML optical spectra.

One would require a low ER to reduce the negative impact of transient chirp. However, to
extend the propagation distance, one needs to enhance the ER without affecting the transient
chirp, which could then mitigate the adverse effects of both transient and adiabatic chirps.
Therefore, with the DML alone, simultaneously satisfying these conditions would not be
possible. Nevertheless, taking advantage of the frequency modulation (FM) property, one
solution is to first drive the laser with a large bias current (larger output power, also giving a
larger EO-BW) to minimize the transient chirp for a given OMA, and a small ER. In this case,
the adiabatic chirp will be dominant. Then, an optical filter can be used to perform a frequency
modulation (FM) to amplitude modulation (AM) conversion to enhance the ER by reducing
the power of 0 bits. Indeed, this technique which is referred to as the chirped managed laser

(CML) converts a partially FM signal into a substantially AM signal [43]. Appropriate OMA
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value (8f,qp = B/2, B is the symbol rate) will enhance the dispersion tolerance of the CML

due to a phase-correlative modulation between adjacent bits [156].
4.4.2.2 Filter Design

In our approach, we leverage the conventional filter design method for linear and time-invariant

(LTI) systems. The filter transfer function is identified by:

H(f) = ECML(f)/EDML(f)

where Epy(f) = FT{Epy.(ft)} is the Fourier transform (FT) of the DML signal and
Ecpi(f) = FT{E¢p (t)} is the FT of the target signal or CML output signal, Eqp () =
Acp, () e/cmi® | By understanding the input signal and the desired output signal, we can
easily derive the transfer function of the filter for FM-to-AM conversion. Several techniques
have been developed in the past to accurately obtain the models of DMLs, either through rate-
equation parameters extraction and using the rate equation [136] or in our case using Eq. 1 and
extracting the laser parameters (@, k) by matching the small signal response after fiber
transmission [41] and optical spectra of a low and high baud rate signals with a large OMA,
as shown in Fig. 4.20(c), which gives us the flexibility of independently setting and changing

the chirp parameters.

The key part of this filter design is to properly define the target CML output signal Eqp (t),
which can be achieved by comprehending the input signal Epy; (t). The goal of the CML
technique is to increase the ER without causing transient chirp enhancement. In other words,
we want to modify the input signal’s F,,; and OMA, without modifying the frequency chirp
or phase, as illustrated in Fig. 4.21(a). Thus, Ecp; (t) should have an Ay (t) which would
be a modified version of Apy, (t) for a desired ER, provided the energy conservation is not
violated, but a similar frequency chirp or phase: @cp (t) = @pp(t). Fig. 4.20(d) shows three
examples of CML output spectra compared to that of the DML spectrum. The input NRZ DML
signal, solid blue curve, has a Pg,4 py, = 10 mW and OMApy,, = 4 mW, resulting to an ER

of 1.7 dB. We first fix the OMAcy, = OMAp,,; and reduce the average power to obtain two
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ER values of 5 dB (Pgyg,cmr = 5.4 mW), dashed magenta curve, and 8.3 dB (Pypgcmi =
2.7 mW), brown curve. Next, we modify both OMA and average power to obtain an ER of
~8.3dB (Payg,cmr = 5.5 mW and OMAcy, = 8.2 mW), dotted black curve. It can be inferred

that the CML spectral shape is similar for the same ERs, though with a lower average power.

(a)

Power Chirp

Pm)g’ DML

Pavg’ CML

(b)

Fig. 4.21 (a) Power and chirp profile for DML and targeted CML output, (b) optical spectrum of DML output
for NRZ signaling.

Next, we further explain the filter design procedure using an example as presented in [157] to
also be able to compare the outcome. The 10 Gbps NRZ CML has a = 3,k =~ 11 GHz/mW,
and EO BW;,45 = 5.0GHz (this bandwidth would only keep one strong lobe on either side of
the spectrum, as seen in Fig. 4.22(b)). The OMA is set to OMApy, = 1.9 mW to satisfy
6faap = B/2 condition. Using a Bessel filter of order 3 and BW5,45 = 7.11 GHz, an ER of

~11dB is achieved.
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Fig. 4.22 DML and target CML (a) optical power and chirp profile, (b) optical spectra (c) required power and
phase profile of required filter.

Fig. 4.22 shows the results of our analysis. Fig. 4.22 (a) shows the input DML (ER = 1.5 dB),
and two target CML's (ER = 5.5 dB and ER = 12.4 dB) optical powers along with the frequency
chirp. For this example, we used a Gaussian filter shaper for the DML. Fig. 4.22 (b) shows the
respective power spectra Ppy(f) and Py (f). The spectrum of a DML signal can be
comprehended as a combination of two sinc functions (Fourier Transform of a rectangular
pulse with a width of bit-period and a linear phase whose slope corresponds to the bit power
level) each centered around spectrum corresponding to 0 and 1 levels, as shown in Fig. 4.21(b).
By enhancing the ER (reducing the power in zero bits spectrum), the spectrum matches more
closely to a 1 level’s spectrum with its peak slightly shifted towards the 1  level’s spectrum
(dashed green). Fig 4.22(c) shows the spectral amplitude and phase of the resultant H(f). The
effective region of the filter is indeed between the zero and one spectra, indicated by dashed
yellow and green lines. In this region, and nearly over the main lobe of the signal, the filter
phase is nearly flat. As expected, the filter’s amplitude response is falling from the one

spectrum towards the zero spectrum.
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Fig. 4.23 (a) shows the next step in the filter design: finding a standard filter profile that
matches best with the amplitude response of H(f) between zero and one spectrum. We
employed a numerical optimization function using the Nelder-Mead simplex algorithm
(fminsearch) [163] to optimize our filter design. We report the minimum value of the objective
function (fval) obtained by this function as a measure of the fitness of the resultant filter with
respect to the target filter. A lower value of fval indicates a better fit between the obtained and
target filters. As shown in Fig. 4.23 (a), we find that the filter found in [157] provides a good
matching (fval~4.8). The optimization function identified a filter with the same Bessel order,
but a slightly narrower bandwidth of approximately 6.8 GHz (fval ~4.1). However, this small
difference did not produce a noticeable difference in the overall performance of the CML. Also,
a Gaussian filter of 7.11 GHz BW (fval ~5.7) as well as a ring resonator filter with a Q factor
of 7281 (fval ~5.3) show good match with the target filter. Nevertheless, as shown in Fig. 4.23
(b), Bessel filter has a group delay that is the opposite of SMF which may be beneficial for

longer distances.

o DML
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Fig. 4.23 Targeted and best-fit filters for ER = 12.4 dB. Transmittance profile (top) and group delay (bottom) of
the optical filters.
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4.4.2.3 NRZ Signal Transmission

Fig. 4.24 shows the eye diagram for B2B, 100 km, and 200 km for all three filters. All filters
provide the target ERs. Fig. 4.24 (d) shows the eye diagrams for a target ER of 5.5 dB, for
which the best filter fit is a Bessel filter with a BW of 11 GHz and order of 1. The objective of
CML is indeed achieved by finding the required ER. As seen from Fig. 4.24, the best CML
output is achieved when we use the MRR, as there is almost no ISI. However, for a longer
propagation of the signal in the optical fiber, a filter may be chosen that also narrows the signal
spectrum, as is the case with Gaussian and Bessel filters. Additionally, a Bessel filter may be

chosen over Gaussian because of its group delay that compensates for some dispersion.

Filter B2B
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Fig. 4.24 Eye Diagrams at B2B, after 100 km, and after 200 km of fiber propagation. ((a)-(c) are for a targeted
ER =12.4 dB, (d) is for targeted ER = 5.5 dB)

4.4.2.4 PAM4 Signal Transmission

Next, we apply the same methodology to multi-level signals. We focus on PAM4 signaling and

use the parameters of the DML available in our lab (a = 4,k ~ 5.25 GHz/mW). We use the
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same OMA value of 4 mW, where the OMA represents the power difference between the
outermost levels. The EO response of the DML is modeled using a Gaussian filter of 6 GHz

BW for 10 Gbaud signaling.
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Fig. 4.25 DML and target CML (a) optical power, (b) optical spectra (c) required power and phase profile of
required filter for PAMA4..

Fig. 4.25 (a) shows the optical power of the input DML (ER = 2.2 dB), and two target CMLs
(ER = 6.2 dB and ER = 12 dB) for PAM4 signaling. Fig. 4.25(b) shows the respective power
spectra Ppp (f) and Pey (f). Identical to the NRZ case, the spectrum of a PAM4 DML
signal can be comprehended as a combination of four sinc functions each centered around each
level CW power spectrum. By enhancing the ER, the spectrum appears to shift towards the

highest power level (P3) spectrum. Fig. 4.25(c) shows the spectral amplitude and phase of the
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resultant filter H(f). The effective region of the filter is indeed between the spectra
corresponding to zero and three levels (PO and P3), indicated by dashed yellow and green lines.
Identical to NRZ signals, the spectral phase is nearly unchanged over the main lobe of the
signal. Fig. 4.26 displays the filters that were identified to match the spectral amplitude of
design H(f) for frequency range between zero and three spectra. To achieve a target ER of
6.2 dB, a Bessel filter of 2™ order with a bandwidth of ~20 GHz and a Gaussian filter with a
bandwidth of ~20 GHz exhibited the best match, as evidenced by fval values of 0.93 and 1.1,
respectively (Fig. 4.26(a)). The results for the target ER of 12 dB are presented in Fig. 4.26(b),
which shows that three filters matched well, that are a 4™ order Bessel filter with a bandwidth
of ~13.1 GHz, a SuperGaussian (SG) filter with a bandwidth of 27 GHz, and an MRR with a
Q-factor of 7480. The corresponding fval values were 2.03, 2.13, and 1.7, respectively, which

are higher compared to those obtained for ER=6.2 dB.
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Fig. 4.26 Targeted and best-fit filters for ER = 6.2 dB (top) and ER = 12 dB (bottom)
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Next, to achieve the FM-to-AM conversion, we pass the DML signal through the identified
filters. The temporal power and frequency chirp of the DML output, target CML, and resultant
CML are depicted in Fig. 8 (Bessel filter is chosen with ER of 6.2 dB and SG filter with ER of
12 dB in this figure). The target and resultant CMLs demonstrate good agreement, indicating
the appropriate selection of the identified filters. However, the achieved ER value is slightly

lower than the anticipated value for both cases, i.e., ~5.6 dB and 9.5 dB respectively.

(a) ER= 2.2 dB (DML o/p) (b) ER= 2.2 dB (DML o/p)
15 —= = =—ER=6.2dB(TargetedCML) |- 15 = = =ER=12dB (Targeted CML)
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Fig. 4.27 (a)-(b) Temporal optical power and (¢)-(d) frequency chirp of the DML output (ER = 2.2 dB, blue
curve), target CML (ER = 6.2 dB and ER = 12 dB), and resultant CML (ER = 5.6 dB and ER = 9.5 dB)

Similar to NRZ CMLs, the selection of the most suitable filter from the identified options may
be influenced by the propagation of the signal over optical fiber. Fig. 4.28 depicts the eye-
diagrams and BER vs. distance for the filters specified in Fig. 4.26, with a received optical
power (ROP) of -10 dBm. The BER curve for the DML follows the behavior explained in detail
in section 4.3. The curves demonstrate that both identified filters for ER of 6.2 dB yield the

same BER over fiber distance. For the ER of 12 dB, though MRR filter shows a better
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performance up to 8 km, the SG filter surpasses the others for fiber propagation up to 40km.
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Fig. 4.28 Eye Diagrams and BER performance over various distances with designed filter

4.4.2.5 Eye Skew and ISI considerations for PAM4

It should be noted that as the ER value increases, such as with an ER of 12 dB, the CML
output exhibits a tendency towards an asymmetric eye opening. To counteract this asymmetry,
we may use some level dependent non-linearity compensation that would create a non-uniform
eye from the RF transmitter to counteract the non-linearity introduced by the optical filter

[164].

As can be inferred from the results of Fig. 4.28, the temporal skew between PAM eyes after
propagation becomes the main challenge for multi-level CML signals. We can see that proper
filtering enables us to get open eyes even after 40 km. However, the BER is degraded because
of the skew. The maximum skew can be approximately estimated using the OMA of the DML

signal and optical fiber dispersion and can be given as ATggen = (6444p)LD and 84,4, =
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(8faap)A3/c; Ag is the wavelength of operation, D is dispersion coefficient and L is fiber
transmission distance. Therefore, the initial step in designing the filter might involve selecting
an appropriate OMA. Assuming £10% UI skew from the middle eye or 20% UI between top
and bottom eyes (Ul = unit interval = 1/B) to be the maximum tolerable skew, Fig. 4.29 shows
an example of the required OMA vs. distance to respect the phase-correlative CML condition
(6faap = B/2) shown in dashed line and the 20% UI skew constraint. For higher symbol rates,
the phase correlative CML condition requires a higher OMA, while the skew would increase

severely degrading the BER.
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Fig. 4.29 Required OMA vs. fiber propagation distance for optimum CML condition (dashed lines) and a

maximum of 20% UI skew condition.

Next, for the example in Fig. 4.28, we rerun the simulation for an ER of 6.2 and change the
OMA from 2 mW to 7 mW, where OMA = 3 mW corresponds to the optimum condition, i.e.,
6faap = B/2. To enhance the maximum distance, the OMA can be reduced. However, lower
OMA results in a lower ER and a lower received signal swing, degrading the signal-to-noise
ratio (SNR). Therefore, for longer propagation distance and higher symbol rate, transmission

with an optimum OMA needs to be determined.
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To illustrate this, we focus on a higher symbol rate of 35 Gbaud and assume that the DML
is driven at a higher bias current leading to an ER of 1.4 dB. As the symbol rate increases,
selecting the appropriate CML becomes more challenging due to both temporal skew and signal
inter-symbol interference (ISI) limitations. As mentioned above, the spectrum of a PAM4 DML
signal can be described as a combination of four sinc functions, each centered around a different
level of CW power spectrum, as illustrated in Fig. 4.31(a). The filter required to achieve a
specific ER can fulfill its purpose in shaping the spectrum, but it may lead to severe ISI at
higher ERs. As a result, to minimize ISI, it may be necessary to limit the target ER. Fig. 4.31(c)
provides an example of the CML output (B2B) and after 10 km fiber propagation for five
different ER values. We adopt a 2™ order SG OF for this purpose. The 3-dB bandwidth and
the offset requirement for the best fitting is given in Table 4.1. For this example, from the eye
diagrams, the optimum eye after filtering occurs for the target ER of around 3-5 dB and
considering a transmission over 10 km fiber, it is found to be 4-5 dB. With an ER of 3 dB, the
filter's -20 dB point on the low-frequency side aligns with the -10 dB point of the sinc function
for the P3 level, resulting in only a small ISI on the P3 level. As the ER increases, the filter's -
20 dB point moves leftward, causing ISI to appear on the P3 for ER>3. Further increasing the
ER attenuates more of the spectrum content, resulting in stronger ISI, degrading the eye.
Therefore, for this example, it would be preferable to choose a filter design that, in addition to
fulfilling the ER value, has a -20 dB point (f¢p, —2045) around the -10 dB point (f5ine —1045)
of the sinc function for the P3 level on the lower frequency side to reduce ISI,

1.€..fcmL,—20a8 = fsinc,—~10a8 — Af where — 6fqqp < Af < 8fqap-

Table 4.1 Best fit SG OF parameters for 35 Gbaud PAM4 DML signal (ER= 1.4 dB)

R (dB) 2 3 4 5 6 7
Paramete
BW 148 97 66 49 40 35
(GHz)
Offset 57 45 32 24 20 17
(GHz)
fval 0.6 2.54 2.5 5 8.2 11.7

In Fig. 4.32, we present the BER values for different target ERs. The BER vs. fiber propagation
distance (L) indicates that an ER of 4-5 dB is best for propagation over 10-15 km. However,

propagation beyond 15 km is not possible at the HD-FEC threshold due to ISI and strong eye
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skew. This indicates that for longer propagation distance, only optical filtering is not enough
for high symbol rate PAM4 signals. Therefore, we employ symbol spaced (1 samples/symbol)
linear FFE (9 taps) and look at the BER vs. L curves. With FFE, the propagation distance can
be extended up to 18 km. The improvement with FFE is significant for “DML only” case,
where receiver equalization extends the reach from 5 km to 14 km. With proper optical filtering,
the improvement with linear equalization is found to be small. In Fig. 4.32(c), we plot the BER
vs. ROP for 20 km propagation. The curves indicate that it is not possible to extend the reach
to 20 km with only optical filtering and linear signal processing even at higher ROP. Non-linear
compensation is therefore required for longer transmission reach as will be discussed in greater

detail in the experimental section.
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Fig. 4.32 (a) BER vs. propagation distance for different CML ERs w/o FFE. (b) BER vs. propagation distance, L
for different CML ERs w/ FFE. (c) BER vs. ROP for different CML ERs w/ FFE after 20 km propagation with
filters for different ERs.
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4.4.3 Experimental results and discussions
4.4.3.1. Experimental Setup

Fig. 4.33 depicts the experimental setup along with the transmitter (Tx) and receiver (Rx)
DSP employed to test the C-band DML transmission performance. We focus on 35 Gbaud
PAM4, which is the maximum the DML can generate given its limited BW of 17 GHz. At first,
we create random PAM4 symbols and then apply nonlinear compensation to partially
compensate for the eye-skew and asymmetric eye-opening arising from optical filtering. We
use a look-up-table (LUT) of 43 or 64 entries with length 3 (four PAM4 levels with 3 symbol
memory) to distort the symbols and then resample to 2 samples per symbol (sps) for root-raised
cosine pulse shaping. Therefore, we use a small roll-off factor of 0.12 to limit the bandwidth
of the RF signal. The threshold current for this DML is 15 mA and biasing at a high current
ensures maximum bandwidth and output power and it suppresses the transient chirp as well.
Pre-emphasis is employed at the Tx DSP to compensate for the low-pass response of Tx RF
chain (digital to analog converter, RF attenuators, RF amplifier and cables). The digital signal
is then resampled and loaded to the digital to analog converter (DAC) memory running at 120
GSa/s. The analog signal at the DAC’s output is first attenuated by 3 dB and then amplified by
an RF amplifier (SHF 804b) with 22 dB of gain followed by another 6 dB RF attenuator before
driving the DML. We keep our analysis limited to 20 km of SSMF transmission to test the
impact of optical filtering and DSP. The fiber launch power is set below 6 dBm and after
transmission, a 35 GHz PIN photodetector (PD) with transimpedance amplifier (TIA) is used
at the Rx (AC transimpedance gain of 960 V/A). The output RF signal is then digitized by an
80 GSa/s real-time-oscilloscope (RTO) for offline signal processing. A 22 GHz brick-wall filter
is used on the RTO to reduce the out-of-band noise and overshoot. The receiver DSPs are
performed at 2 sps and 31 linear filter taps are used in all cases to equalize the distorted signal
before BER calculation. We use the Finisar optical waveshaper as in past section to test the

effect of different filter configurations and frequency offset (FO) tolerance.
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Fig. 4.33 Experimental setup with employed DSP at the transmitter and receiver.

4.4.3.2. DML transmission results with DSP

First, we check the B2B and 20 km DML transmission performance at 70 mA and 80 mA
bias currents. We use a fixed driving signal of 1.2 V. A higher driving signal causes stronger
adiabatic chirp induced skew after propagation, which is detrimental for PAM4 signal, as
described in the previous section. As for the biasing, at a lower bias current, the extinction ratio
(ER) of'the signal is higher for a fixed driving voltage and this results in a higher receiver swing
at the fixed ROP. Therefore, at B2B, working at a lower biasing improves the SNR and BER.
However, higher ER increases the impact of the transient chirp by the term dinP(t)/dt, P
being the DML output power, which broadens the spectrum. This results in worse BER after
20 km transmission for lower bias current as can be seen from Fig. 4.34(a). Here, we plot the
BER vs. ROP for 70 mA and 80 mA biasing with linear FFE and 2™ order polynomial non-
linear equalizer (PNLE) at the receiver. PNLE is the simplest form of Volterra non-linear
equalizer (VNLE) where only the self-beating terms (i.e., polynomial terms composed of
signals sampled at the same time) are utilized [67]. Due to the strong non-linearity caused by

the chirp-CD interaction, PNLE improves the transmission results significantly. 80 mA biasing



Page | 123

shows a better performance than 70 mA biasing after propagation due to lower overshoot and
reduced spectrum width. Therefore, we fix our biassing to 80 mA for the rest of the work. As
2" order PNLE gives clear improvement in BER performance, as a next step, we try stronger
non-linear equalization schemes for 80 mA case with 3™ order PNLE and full Volterra filter of
2nd order. Fig. 4.34(a) plots the BER vs. ROP for these different equalization schemes and the
memory lengths for different orders are given beside the schemes. It shows that the DML/DD
system has high order of non-linearity and requires long memory lengths for best performance.
However, taking the complexity of full VNLE and higher order non-linear equalizers into
consideration, we keep ourselves limited to second order PNLE with 31 linear taps and 11
second order beating terms. For all the curves in Fig. 4.34, we can see that beyond -3 dBm of
ROP, the BER degrades. This comes due to the saturation of TIA, which causes the outer eyes

to close at high ROP.
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Fig. 4.34 (a) BER vs. ROP at two biasing points (70 mA and 80 mA) after 20 km transmission with (solid line)
and without NLPD (dash-dot line) at the transmitter (b) BER vs. ROP with NLPD at 80 mA biasing with

different equalization schemes. Eye diagrams after DSP are shown in the inset for =3 dBm ROP.

4.4.3.3. CML transmission results

Next, we employ a Super Gaussian (SG) optical filter (OF) with 50 GHz 3-dB BW (order 2)
and check the filtering impact at B2B. As explained in the previous section, an SG filter can be
a well-fit optical filter to improve the transmission results. Another reason for choosing SG is

that it acts only as an amplitude filter and its response is close to a flat-top MUX/DEMUX filter
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already available commercially (Huber+Suhner CWDM filter). Filtering causes FM-AM
conversion and increases the outer ER of the modulated signal, which in turn increases the
receiver swing and ultimately the SNR of the signal. For Fig. 4.35 (b), we keep the ROP fixed
at -3 dBm. For this case, the receiver swing keeps increasing with the increase in ER and BER
keeps improving as well. At a high offset value, BER starts degrading due to the added
nonlinearity and ISI in the system. However, if we apply NLPD, we can generate eye with
unequal opening from the transmitter side, and this helps improve the BER even at high offsets.
For each offset value, the LUT needs to be created independently since the added nonlinearity
is different in each case. In Fig. 4.35 (c), we show the BER dependency on ROP when the
offset is set to 25 GHz with and without NLPD. Similar to previous section BER improves

until the signal saturates the TIA.
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Fig. 4.35 (a) (a) BER vs. Frequency offset at a fixed ROP of -3 dBm and (b) BER vs. ROP at B2B with 2" order
SG filter at B2B with FFE.

The optical filtering becomes necessary after fiber transmission. To better understand this, in
Fig. 4.36, we plot the optical and electrical spectra for different frequency offsets. From Fig.
4.36 (b), we see that for 20 km transmission, the DML/DD system acts as a high pass filter
with around 17 dB attenuation of low frequency components. As the OF cuts more and more
low frequency contents and increases the ER, the spectra tend to be flat indicating much

improved transmission performance. As explained in the previous section, this is a result of
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various effects such as FM-AM conversion, AM-FM conversion, dispersion supported

transmission effect, optical duobinary (ODB) effect, minimum shift keying format generation,

the vestigial sideband (VSB) effect [127].
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Fig. 4.36 (a) Optical spectra for different frequency offsets (FO) after 50 GHz SG OF (order 2). The filter shape

for zero-offset case is shown in gray dash-dot line (b) RF spectra for different frequency offsets showing the

impact of filtering.
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Fig. 4.37 (a) BER vs. FO w/ FFE after 20 km with 50 GHz 3-dB OF when the excess filtering loss is not
compensated (black dashed line shows the BER for DML only case for -4 dBm of ROP) (b) Excess filter loss
vs. FO for Gaussian and SG filter
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However, the OF attenuates the modulated signal power, which has been neglected in many
prior works. Since optical amplification is not preferred in IM/DD systems, the excess filtering
loss needs to be considered. Keeping that in mind, in Fig. 4.37 (a), we plot the BER vs. FO
with linear FFE for different orders of gaussian filters when the ROP with zero frequency offset
is set to -4 dBm. The filter insertion loss is not considered here, since optical MUX/DEMUX
filter can be utilized instead of the programmable filter used in this experiment. We also plot
the excess loss due to the intentional attenuation of part of the signal spectrum in Fig. 4.37 (b).
Since the loss is uncompensated in this case, due to the lower ROP, the received signal swing
tends to decrease. But due to FM-AM conversion, ER increases and the swing at the receiver
remains close to a constant except for very high offset values. Therefore, the BER improvement

occurs primarily due to the flattened system response.

Both Gaussian and SG filters improve performance even when filtering loss is considered. Flat-
top Mux/Demux filter can also be used as a filtering, but the offset needs to be chosen very
carefully. As seen here, a 20 GHz offset works best with Gaussian response, but a higher offset
is best with a sharper SG filter. An offset of 25 GHz gives optimum performance, which is very
close to the simulation parameters presented in Table 4.1. Finally, we plot the BER vs. ROP
curves for Gaussian and 2" order SG filter with NLPD applied at the transmitter. We choose
25 GHz offset for these curves, although it adds 3 dB of signal attenuation. The filter enables
20 km transmission below the HD-FEC BER threshold with only linear FFE at the receiver.

With PNLE, we could even lower the BER below 1e-3.
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Fig. 4.38 BER vs. ROP with Gaussian and SG filter (2" order) optical filter (with NLPD at the transmitter) for
25 GHz offset.

4.4.4 Summary

To conclude, we have presented the design methodology of optimum filter design for proper
chirp management with different laser parameters (o and k) and OMAs with NRZ and PAM4
format. This allows one to identify the best filter profile based on the DML output spectrum to
enable transmission over longer fiber propagation distances. We demonstrated that only optical
filter is insufficient for PAM4 signaling at higher symbol rates and DSP is necessary. Finally,
we verified the impact of CML optical filtering in a C-band DML/DD system. It is shown that
simple polynomial nonlinear equalization with the optimized CML filter can significantly
improve the transmission performance and enables 70 Gbps PAM4 transmission over 20 km

of SSMF without the need for any chromatic dispersion compensation.
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Chapter S Self-coherent single-sideband systems

for 40 km C-band Transmission

5.1 Overview

In the previous chapter, we demonstrated MZM and DML based IMDD transmission over 10
to 20 km, with the aid of optical filters: an all-pass phase filter as ODC and an amplitude filter
for CML. However, if we want to further increase the transmission distance, simple filtering
might not be enough. For DML, going above 100 Gbps is difficult due to BW limitation.
Therefore, we need to rely on EML or MZM for 200G throughput. Here, in this chapter, we
focus on transmitting high data rate signals (200 Gbps) over 40 km transmission reach in a C-
band direct detect system using dual drive Mach-Zehnder modulator (DDMZM). As described
in Chapter 2 and 3, for an MZM based system after fiber transmission, there is significant
amount of power fading, which limits the transmission speed and reach. Self-coherent (SC)
single-sideband (SSB) transmission is immune to this fading and enables a longer transmission
reach, making it a promising choice for longer transmission distances. But generating high
quality SSB signal is challenging. Chapter 2 describes some common ways of generating SSB
signal. Since the real and imaginary part of an optical SSB signal needs be a Hilbert transform
pair, compared with the transmitters primarily used in a conventional IM/DD system, optical
SSB transmitters are more complicated. It requires either optical filtering or optical
synthesizing. The first approach utilizes an optical filter to reject a sideband of a double
sideband (DSB) signal, which creates a vestigial sideband (VSB) signal due to the limited edge
roll-off of optical filters [165, 166]. However, the filter needs to ultra-sharp to properly create
an SSB signal. The alternative way is to drive an IQM or DDMZM with two driving signals
that acts as a Hilbert transform pair. Although an IQM can create high quality SSB signal, this
comes at the price of an added DAC channel, which ultimately increases the cost and

complexity of the system. The carrier in this case can be generated virtually [167] or by off-
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biasing the IQM [168] or by a separate laser source [169], making it even more complex.

Another approach for SSB signal is to use a 90° RF quadrature hybrid and drive the DDMZM
with the Hilbert transform pairs [35, 170]. This scheme requires a high quality and wide
bandwidth RF quadrature hybrid, making it difficult for high data rate transmission. In [35],
we demonstrated 100 Gbps SSB signal transmission over 60 km using a commercial quadrature
hybrid. This RF scheme, however, requires only one DAC channel, making it attractive for
low-cost IMDD applications. In [171, 172], authors proposed a vestigial sideband (VSB) signal
generation method using a time skew and dual drive Mach-Zehnder modulator (DDMZM) and
demonstrated the transmission of 38 Gbaud PAM-4 signal over 80 km of SSMF. However, this
scheme has a high DSP complexity and leads to a stronger image band when the system
operates at higher symbol rates. Therefore, we utilize the time skew approach with practical
optical filtering to transmit high data rate signals. First, we present detailed numerical
simulations in section 5.2 for 106 Gbaud PAM4 signaling where only optical filter or optical
filter along with optimized RF skew are utilized for SSB generation. Followed by that we verify
the idea experimentally in section 5.3, where we transmit 92 Gbaud PAM signals over 40 km

of standard single mode fiber (SSMF) without any optical or electrical dispersion compensation.

5.2 Operation principle of RF delay assisted SSB transmitter

As shown in [171, 172], the Fourier transform of the output optical field E,(t) of a DDMZM

when there is a time skew 7 between the differential driving signals is given as:
FT{E,(t)} = C — 2e /™" sin(p + nf1)S(f),

where C is the CW-tone, ¢ is the phase shift in each MZM arm due to a voltage bias, and
S(f) is the Fourier transform of the driving signal, s(t). Therefore, we can see that the time
skew acts as a shaping filter, G(f) = sin(@ + mf1), where ¢ is usually fixed to m/4 or
3m/4 for linear modulation at quadrature bias point. The RF skew (7) determines the

bandwidth of the passband. Fig. 5.1 shows the architecture of the SSB transmitter.
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Fig. 5.1 Schematic diagram of the SSB transmitter.

As depicted in Fig. 5.1, by properly tuning the delay, we can introduce a notch close to the
carrier and that creates a VSB signal. However, for high BW signal, there will be significant
amounts of power in the high-frequency region of the image band. We use a moderate roll-off
optical filter to attenuate this part of the spectrum. Flat-top wavelength-division multiplexing
(WDM) Mux-Demux filters can also be used instead, which are employed for multi-

wavelength operation, like ER4 or LR4 applications.

Now, let us look at the optical spectra immediately after the DDMZM when we drive it with a
53 Gbaud and 106 Gbaud PAM4 signals, which corresponds to net 100 Gbps and 200 Gbps,
respectively. We use a roll-off-factor of 0.1 for these results. We assume no bandwidth
limitation from the RF transmitter. The spectra plotted in Fig. 5.2 shows that as the time-skew
(RF delay) is increases, we can bring the notch close to the carrier creating a VSB signal. If no
additional optical filtering is employed, then the power in the high frequency region of the
image band will be significant and degrade the transmission performance. To visualize the
impact of the skew on the BW of the shaping filter, we plot the optical spectra over a wider
frequency range in Fig. 5.3 for 106 Gbaud PAM4 signal. We can also see the shaping filter also
acts as a high pass filter within the signal BW (if set appropriately) and can compensate for the

low-pass response of DAC, RF drivers, delay lines, MZM and PD to some extent. This is useful
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since this will reduce the amount the pre-emphasis required for the signal transmission.
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Fig. 5.2 Optical spectra after the DDMZM for different amounts of skew. Frequency axis is plotted relative to

the carrier frequency.

w/o delay
——T7.1 ps delay | |

&
=)

Power (dBm)
g

-120

-140

| | 1 ! | 1

-200 -100 0 100 200 300
Frequency (GHz)

Fig. 5.3 Optical spectra after the DDMZM with and without delay for 106 Gbaud PAM4 signal.
In Fig. 5.4, we plot the eye diagrams after the driver and DDMZM. The eyes after the DDMZM
shows open eye. However, when we introduce skew, as it attenuates part of the optical spectra,
it creates an ISI. With strong skew (8.3 ps), it almost creates a 7-level duobinary signal. And

due to the power in the image band, it will still cause power fading after PD squaring.
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Fig. 5.4 Eye diagrams after driver and DDMZM

As a next step, we look at the effect of optical filtering on the signal, when no time skew is
employed. We choose an optical filter of 125 GHz 3-dB BW with Super Gaussian (SG) shape.
The center frequency is set such that it attenuates 3-dB of carrier power, i.e., for all cases the
optical signal power after the filter remains the same. It should be noted that this is not the
optimized position of the filter for best transmission performance since the carrier-to-signal
power ratio (CSPR) needs to be optimized for optimum performance [173]. Now if we look at
the system response after 40 km of SSMF transmission, we can see that a sharp optical filter is
required to reduce the power fading. With a SG filter of 2™ order, there are strong notches in
the system spectrum, which are difficult to compensate at the receiver. However, if we shift the
filter center frequency to attenuate more signal power in image band, it will attenuate the carrier
power as well. This will lower both the average optical power and the CSPR of the signal.
Since it is undesirable to employ optical amplifier in IM/DD system, we cannot attenuate the

signal power unconditionally, and therefore the filter position needs to be chosen carefully.
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Fig. 5.5 Signal spectrum and optical filter spectra for different orders (left). The system response after 40 km of
SSMF transmission (right)

Since our target is to use the RF skew in conjunction with optical filter, we check the system
response for different amounts of skew along when we employ an additional optical filter to
suppress the power in the image band. In Fig. 5.6, we plot the system response after 40 km of
SSMF transmission for different RF skew with Gaussian and SG filter of order 2. We can
clearly see that a SG filter of order 2 with 7-8 ps of RF skew can reduce the depth of notches
significantly. Due to the presence of signal power in the low frequency region of the image

band, the first two-three notches are still present and cannot be avoided.
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Fig. 5.6 System response after 40 km of SSMF transmission for different RF skew with Gaussian filter (left) and
SG filter of order 2 (right)
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Lastly, we did BER analysis to test the filter sharpness requirement along with the skew. In Fig.
5.7 (a), we show the BER curves with different optical order of filters and RF skew. We use
polynomial non-linear equalizer with 101 linear taps, and 11 second order taps for the results.
No signal-signal beat interference (SSBI) cancelation or Kramers-Kronig (KK) scheme were
employed in this simulation. Since the transmission distance is limited to 40 km, no CD
compensation is done at the receiver. This is why many linear taps are required to equalize the
received signal. The blue curve with circle marker shows the results for filter only case. The
BER improves sharply as the order increases from 1% order to 4™ order and then improves
slowly. While with RF skew, even Gaussian filter can bring the BER below the HD-FEC
threshold of 3.8e-3. Increasing beyond the 2™ order improves the results marginally. In Fig.
5.7 (b) we plot the equalizer filter taps for this optical filter. It is understood that a large number

of taps are required in both cases to compensate for the impairment.
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5.3 Experimental setup and DSP deck
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Fig. 5.8 Experimental set up and DSP deck. DD-MZM: Dual drive Mach-Zehnder modulator. The inset shows
filter response of OF as captured by an OSA (resolution: 0.05 nm)

In this section, we demonstrate the RF-skew assisted SSB signal transmission scheme for a
single channel case. Fig. 5.8 depicts the experimental setup to evaluate the performance. The
transmitter (Tx) incorporates a tunable laser operating at 1550 nm and a 32 GHz (3-dB BW)
LiNbO3 DDMZM. The modulator is biased at the quadrature point and is driven by a pair of
RF amplifiers connected with the differential DAC outputs. Two phase adapters (67 GHz) are
utilized in the RF paths that can generate a time delay of up to 25 ps between the RF signals.
The Tx side DSP includes symbol generation, raised cosine pulse shaping, pre-emphasis of the
RF chain, clipping, and resampling to the DAC sampling rate of 120 GSa/s. After modulation,
the signal is transmitted over 40 km of SSMF, amplified by an EDFA, and filtered by a
programmable waveshaper. The EDFA is required in our system to compensate for the insertion
loss of the waveshaper and the absence of TIA. The system incorporates one variable optical
attenuator (VOA) to optimize the launch power (LOP), and another VOA before the
photodetector (PD) to adjust the received optical power (ROP). The inset of Fig. 5.8 shows
filter profiles of different orders of Super Gaussian (SG) optical filter (OF). The 3-dB
bandwidth of the filters is fixed at 125 GHz, and the central wavelength is adjusted to create a
SSB signal. Finally, the output of the 50 GHz PD is digitized using a 62 GHz RTO and
processed offline for equalization with linear feed forward equalizer (FFE) and BER/NGMI
calculation. We employed KK and SSBIC in the receiver DSP, however no CD compensation

is performed.
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5.4 Results and discussions
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Fig. 5.9 (a) Optical Spectra after Gaussian filtering (no delay), (b) Optical Spectra with optimized delay and

w/wo optical filter

Since the DAC and DDMZM have severe bandwidth limitations, we cannot generate high
quality 106 Gbaud PAM4 signaling. The transmitter limits the symbol rate below 100 Gbaud.
Fig. 5.9(a) presents the optical spectra with a resolution of 0.05 nm obtained by filtering an 89
Gbaud PAM4 DSB signal with different orders of SG OF. We tune the delay lines to create a
notch in the spectrum near the carrier, as shown in Fig. 5.9 (b). The blue curve shows that
although the sideband is suppressed by the sine envelope near the carrier, significant power
remains in the high-frequency region of the image band, which will ultimately degrade the
system response. To demonstrate the impact of the optical filtering, we plot the received signal
spectrum after 40 km transmission in Fig. 5.10 with and without time skew. The spectrum
without any RF delay and a high 12" order SG filter is also plotted, where the notches in the

spectrum are barely noticeable.
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Fig. 5.10 Signal spectrum (FFT of received waveform) after 40 km transmission.
Fig. 5.11 (a) and 5.11 (b) plot the measured BER and NGMI vs. ROP for an 89 Gbaud PAM4
and PS-PAMS signal, respectively with and without a delay and OF. The PS-PAMBS signal is
selected because the limited BW of the transmitter cannot generate a net 200G signal even at
B2B with PAM4. However, PS-PAMS requires a higher SNR and hence SD-FEC is adopted to
achieve net 200 Gbps transmission. An IBPS of 2.35 bits/symbol is chosen for this figure. Since
SSBIC is utilized, we limit ourselves to linear equalization with 81 linear taps. A launched
optical power of 5.5 dBm and a CSPR of 14.5 dB are used for the transmission results. Higher
LOP should improve the performance further. However, the loss of the DDMZM limited the
LOP to 5.5 dBm. With a 2" order SG filter, we could transmit 89 Gbaud PAM4 and PS-PAMS8
(IBPS = 2.35 bits/symbol) signal at the HD-FEC BER and SD-FEC NGMI threshold,
respectively. We test the maximum IBPS that we can transmit at 89 Gbaud in Fig. 5.12. An
IBPS of 2.43 bits/symbol is achievable at the 0.8798 NGMI threshold with a 2" order SG filter,

which corresponds to a net rate of 216 Gbps.
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Fig. 5.12 NGMI versus IBPS for PS-PAMS signal with different optical filters.

Although the optimal skew depends on symbol rate, we fixed the delay for Fig. 5.13 and vary
the symbol rates of PAM4 and PS-PAMBS signaling. 92 Gbaud PAM4 (net 172 Gbps) and PS-
PAMBS (net 216 Gbps) can be successfully transmitted over 40 km of SSMF at HD (SD) FEC
threshold. Therefore, 92 (89) Gbaud PS-PAMS with an IBPS of 2.35 (2.43) bits/symbol can be

chosen for maximum throughput for our system.
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As previously mentioned, the choice of SG optical filter is motivated by the commercially
available four channel Huber+Suhner DWDM Mux-Demux pair with a channel spacing of 200
GHz. The filter response of the DWDM Mux is plotted in Fig. 5.14 (a). The 4x1 DWDM
Mux has a flattop response with the passband center wavelengths ranging from 192.98 THz to
193.58 THz. The 3-dB BW of the Mux filter is around 150 GHz. The shape of the Mux filter
closely resembles an SG filter of order 2.5 as shown in Fig. 5.14 (b). Since, in a DWDM system,

two of these filters will be used, the passband BW will be reduced. The BW of a cascade of

two 2" order SG filters each with 150 GHz 3-dB BW is another SG filter with % =126
GHz 3-dB BW. Therefore, we chose a 3-dB BW of 125 GHz in our single channel experiment.
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Fig. 5.14 Filter Response of optical filters

We also conducted a 4 channel DWDM experiment with the proposed method. Here, four
tunable ECLs generate 4 optical carriers, whose wavelengths are shifted to the passband edge
of the DWDM filter to suppress the signal image band. We bulk modulate three channels with
another LiNbO3 MZM of similar BW with no RF delay. The optical spectrum of the WDM
SSB signal, where the channel under test (CUT) is in the WDM channel centered at 193.32
THz or 1550.8 nm is shown in Fig. 5.15. Due to RF skew, the CUT shows a much better
sideband suppression as compared to the remaining three channels. The 40 km transmission
results of the four channels at 92 Gbaud are given in Table 5.1.

Table 5.1 IBPS and Throughput of each WDM channel

Ch1 Ch2 Ch3 Ch4
NGMI 0.881 0.882 0.88 0.88
IBPS (bits/symbol) 2.33 2.33 2.31 2.37

Throughput (Gbps) 214 214 212.22 217.64
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Fig. 5.15 Optical spectrum of the 4 channel WDM signal (CUT is the 2" channel from left)
5.5 Summary

We propose to employ an RF skew in conjunction with an optical filter to create a single side
band (SSB) signal, which can be propagated over 40 km of SSMF in the C-band. For single
channel experiment, with a 2™ order SG filter, we transmitted 92 Gbaud PAM4 below the HD-
FEC BER threshold. Adopting a higher order PAMS signal and probabilistic shaping, we could
achieve a throughput of 216 Gbps at the SD-FEC NGMI threshold. As a next step, we used a
WDM mux filter and conducted a 4-channel experiment. Each of the channels could transmit
a net 212 Gbps PS-PAMS signal and an aggregate of 858 Gbps over 40 km of SSMF using

SSBIC and a linear equalizer.
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Chapter 6 Conclusion

6.1 Summary

In this thesis, we worked on three important targets in optical communication: higher

throughput, lower cost, and longer reach. It is next to impossible to achieve all these three in a

single system. The three main chapters of the thesis target each one of these research directions.

But since meeting the data traffic demand is the main driving force of the next generation

optical communication, we focus on higher order modulation format (mostly PAM4) and DSP

in all our work. In Fig. 6.1, we try to illustrate this research endeavors with a block diagram.

There are four points that we note for each chapter: Operation wavelength (O-band or C-band),

throughput and cost, transmission reach, and modulation mechanism. We elaborate on these

contents in the successive paragraphs.

Chapt. 3

O-band and C-band
Higher Throughput
Short-reach (0.5-2 km)

MZM

300 Gbps with
SiP MZM

Fig. 6.1 Summary of the original contributions of the thesis.

IM/DD
system
Chapt. 4 Chapt. 5
C-band C-band
Low Cost Extended Reach
10 km to 20 km 40 km
MZM and DML DDMZM
- 224 Gbps at 60 Gbd Low-cost DML 70 Gbps DML Single Ch. 4 Ch. WDM
350 Gbps with .. - o
TFLN MZM 10 km transmission based transmission transmission over 20 215 Gbps 850 Gbps w/
with MZM enabled (32 Gbps) over -10 km via Optical w/ RF skew & RF skew &
by ODC km to 20 km Filter, DAC, DSP Optical Filtering | | MUX Filtering

In Chapter 3, we targeted the highest throughput that one can achieve in a typical IM/DD

system. We focused on experimental demonstrations in this chapter and utilized advanced DSP

and latest generation of DAC and ADC. We worked with two different material platforms: SiP

and TFLN, where both utilized a single drive MZM. We presented the first net 300 Gbps

transmission using a SiP MZM in an IM/DD link. We also transmitted net 300 Gbps with TFLN

MZM. To achieve this, the SiP MZM required 3 V,,;, driving voltage and a more aggressive SD-




Page | 143

FEC coding scheme. On the other hand, TFLN required 1.2 V,, driving voltage at HD-FEC
threshold. With TFLN, we could push the capacity to net 350 Gbps. Unlike SiP modulator, the
results with TFLN modulator were limited by the RF transmitter itself. This chapter
demonstrated that although SiP offers low-cost fabrication, it is much less power efficient and
limited in terms of BW than TFLN modulators. With cost and footprint reduction, TFLN

modulators will be a promising choice for future DCI applications.

In Chapter 4, we worked on C-band fiber transmission enabled by optical filtering (OF)
targeting a cost-effective transceiver solution. In section 4.1, we used a LiNbO3; MZM, and
utilized a SiN ODC to compensate for the CD. The ODC can be integrated with an MZM and
allows DWDM transmission to increase the aggregate throughput. The ODC is based on all-
pass micro-ring resonator that provided 62 ps of group delay to allow 10 km SSMF
transmission. In section 4.2 and section 4.3, we relied on low-cost DML to transmit PAM4
signal over different distances, which is also attractive for its power efficiency. At first, we
comprehensively analyzed the DML chirp-CD interaction numerically. Next, we characterized
a commercial DML and demonstrated 32 Gbps PAM4 transmission enabled by optical filter
without resorting to any DAC or DSP. As a next step, we worked on optimizing the passband
profile of the optical filter to obtain a desired extinction ratio (ER), that helps extend the
transmission reach. Since DML/DD system has significant nonlinearity and BW limitation, we
demonstrated that optimized optical filter and efficient DSP can push the transmission speed to

70 Gbps with a 17 GHz commercial DML.

Finally, in Chapter 5, we adopted SSB/VSB self-coherent scheme to extend the reach of an
IM/DD system. Ideal SSB is immune to CD induced power fading, however, is hard to achieve.
We proposed a joint RF and optical domain solution to tackle this issue. At first, we studied the
impact of RF skew with a DD-MZM based system for net 200G PAM4 transmission. We
demonstrated that only RF skew is not sufficient to create high quality SSB signal and moderate

optical filtering is necessary. Following this, we presented RF-delay assisted single channel
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and multi-channel signal transmission over 40 km of SSMF. We showed that WDM
Mux/DeMux filter can act as the required optical filter to enable net 215 Gbps/A signal

transmission.

6.2 Future work

Despite all the results presented in this thesis, there are still opportunities for future projects
that can be built upon the completed work. We briefly introduce some of the prospective

research avenues based on this thesis.

The work of Chapter 3 focused on high speed MZM based transmission over short reach (0.5
km to 2 km) distances. Here we presented results with two SiP O-band modulators, the longer
2.5 mm one showing the best performance. The obvious next target is to improve the BW and
Vi of the MZM. One way to achieve this is to optimize the doping density, phase shifter length
and on-chip termination. In our experiment, we needed to employ PDFA due to the absence of
high BW PD-TIA. With proper peaking from the driver and TIA, and edge coupled MZM, the
throughput could be further improved. The next step would be to design a DP-IQM with the
optimized child MZM. Since coherent transmission ideally requires higher swing, the target
would be to lower the Vi, even if it requires sacrificing some EO bandwidth. With 300 Gbps
per degree of freedom (DOF), the DP-IQM should enable 1.2 Tbps/A transmission, which has
great potential in future DCI for 10 km O-band transmission. As for our TFLN experiment, the
main limitation was the DAC and driver itself. With a smaller V; TFLN MZM, we have already
demonstrated 400 Gbps transmission in IM/DD link [174]. With the next generation of DAC
and driver, we believe this can be further extended. This indicates the possibility of achieving
net 1.6 Tbps (4 %400 Gbit/s) in O-band, in both PSM and CWDM configurations. Since this
requires operation beyond 200 Gbaud, CD induced penalty will come into play for CWDM
links. Advanced DSP, for example DFE-FFE, nonlinear MLSE, Tomlinson-Harashima
Precoding (THP) etc. need to be utilized to achieve net 1.6 Tbps IM/DD transmission over 2

km to 10 km reach.
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In Chapter 4, we mostly dealt with optical filtering (phase or amplitude) for longer transmission.
One future work involves integrating a SiP MZM with ODC on a single chip and making the
ODC tunable by proper heater control. The passband of the ODC needs to be increased to
handle higher BW signal (112 Gbaud). This can be applicable for O-band edge channels as
well, which limits 200 Gbps signaling to 2 km. In section 4.2 and 4.3, we worked with low
bandwidth C-band DML, which limited its performance to 35 Gbaud. 53 Gbaud PAM4 (net
100 Gbps) has already been demonstrated in O-band as mentioned previously. Therefore, an
attractive short-term project is to test the BER vs. CD in the O-band at a higher symbol rate for
the edge channels and compare its trend with C-band results. Another important research
direction is to derive an analytical equation to predict the range of CD values, where the BER
after positive dispersion improves. In section 4.3, we presented the filtering requirement
considering C-band transmission. Similar analysis needs to be carried out in the O-band for

100G DML since it shows a higher potential in DCI market.

Finally, in Chapter 5, we combined RF and optical solution that can cost-effectively generate
SSB/VSB signal. This delay can also be created via passive optical delay line, as demonstrated
in our recent OFC work [175]. A promising next step is to combine the optical delay line and
an optical filtering with DD-MZM on the same chip to create high quality SSB signal. The
optical filter can be ring-resonator based notch filter that can selectively kill the unwanted
signal power in the image band. An alternate way to generate SSB/VSB signal would be to use
an RF hybrid along with an optical filter. This principle achieved 30 dB unwanted sideband
suppression in a wide 2-40 GHz frequency range [176]. It would be interesting to test this
principle in large signal transmission at high operating speeds. The impact of amplitude and
phase imbalance between the RF hybrid coupler output ports needs to be analyzed as well to

understand the practicality of this scheme.
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