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Abstract

ABSTRACT

This Thesis presents 3 years work of an optical circuit that performs both pulse com-
pression and frame synchronization and retiming. Our design aims at directly multiplex-
ing several 10G Ethernet data packets (frames) to a high-speed OTDM link. This
scheme is optically transparent and does not require clock recovery, resulting in a poten-
tially very efficient solution.

The scheme uses a time-lens, implemented through a sinusoidally driven optical phase
modulation, combined with a linear dispersion element. As time-lenses are also used for
pulse compression, we design the circuit also to perform pulse compression, as well.
The overall design is: (1) Pulses are converted from NRZ to RZ; (2) pulses are synchro-
nized, retimed and further compressed at the specially designed time-lens; and (3) with
adequate optical delays, frames from different input interfaces are added, with a simple
optical coupler, completing the OTDM signal generation.

We demonstrate the effectiveness of the design by laboratory experiments and simula-
tions with VPI and MatLab.



RESUME

| denne afhandling praesenteres 3 ars arbejde der har fokuseret pa et optisk kredslgb, der
udferer puls-kompression, ramme synkronisering samt retiming. VVores design skal mul-
tiplekse adskillige 10G Ethernet data pakker sammen som derefter kan videresendes pa
en hgjhastigheds OTDM forbindelse. Denne lgsning er optisk transparent og behgver
ikke klokkegendannelses kredslgb, hvilket resulterer i en potentielt meget effektiv
lgsning.

Det optiske kredslgb er baseret pa en tids-linse, som er installeret som en sinus drevet
optisk fasemodulation, kombineret med et linegert dispersion element. Idet tids-linser
ogsa kan benyttes til puls-kompression, er det er dette ogsa blevet inkluderet som en
funktionalitet i det optiske kredslgb. Det samlede design er: (1) pulser konverteres fra
NRZ til RZ; (2) pulser synkroniseres, retimes og komprimeres yderligere via den spe-
ciel designede tids-linse; og (3) med passende optiske forsinkelses led, kan rammer fra
forskellige input interfaces multiplekses sammen via en simpel optisk kobler, hvorved et
fuldt OTDM signal kan dannes.

Vi demonstrerer og evaluerer designet ved hjelp af laboratorieforsgg og simuleringer i
bade VPI og MatLab.
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1

INTRODUCTION

10 Gigabit Ethernet (L0GE) has developed rapidly since the first 10-Gigabit Ethernet
standard (IEEE 802.3ae) [1] was introduced in 2002. The 10GBase-T standard [2] was
released in 2006, and the 40G/100G Ethernet standard [3] was released in 2010.

10G Ethernet is a mature technology today. The costs of 10GE optical modules and
ports are decreasing every year, while the number of 10GE port shipments is increasing
rapidly. 10G Ethernet is the technology of choice for high availability networks.

For its capability of grown and aggregation, the 10 Gigabit technology is likely to be
present in the design of high speed optically transparent switches/routers with Thbit/s
interfaces that will aggregate traffic from several lower bit rate links [4].

1.1 This PhD Project

As part of a new national research project, Non-linear optical switching for extremely
high data rate communications (NOSFERATU), two Ph.D. positions and one post-doc
position at DTU Fotonik, were made available. NOSFERATU was funded by the
Danish research council for technology and production sciences (Forskningsradet for
Teknologi og Produktion), and aimed at developing the world’s first optical
communication system capable of handling 1 Terabit per second (Thit/s) serial data
transmission.

Since the Ethernet is the predominant technology in today’s network and the line rate
and transmission range of Ethernet Networks steadily increased over last few years, the
project propose an optical Ethernet upgrade from 10 GE to future 100 GE lines and,
further on, to serial 1 TE.

Besides local area networks (LAN) applications, Ethernet is considered a promising
low-cost solution for optical high-speed Metropolitan Area Networks (MAN) and Wide
Area Networks (WAN). Ethernet technology has potential to build end-to-end Ethernet
optical networks.
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Introduction

This PhD project was focused on how the future optical telecommunication systems can
exploit serial bit rates of more than 1 Thit/s. It has taken-off from the existing Ethernet
protocols with inspiration in e.g. frame format, medium access control (MAC) rules and
amount of bits per frame. However, due to some speed constraints on the physical layer,
some of the functionalities which are available at lower bit rates may not be accessible
at 1 Thit/s. Thus the network planning would have to modify and suggest other
solutions based on e.g. the expected development of ultra-fast optical switches based on
various technological platforms and already existing high-speed components.

In particular, aiming at a Thit/s optical Ethernet link design, it has been investigated
how to utilise the optical time division multiplexing (OTDM) scheme for optical
Ethernet solutions leading to 1 TE, starting from standard 10 GE equipment and
increasing the bit rate through a multiplexing (MUX) structure with synchronisation of
incoming Ethernet packets to a local MUX clock.

1.2 Motivation for High-Speed Optical Transmission

Data traffic in communication networks has increased over the last few years by an
annual rate of up to 100 percent and is expected to increase 20-50 times within the next
five years [4]. At the same time, transport technology is more than ever leading into
packet-based designs such as Ethernet [6, 7, 8]. This trend is accompanied by adding the
ability to transport Ethernet over different transport technologies (carrier-grade features)
so it can be deployed on Wide Area Networks (WANS) [4].

Researchers have estimated that quadrupling the serial line rate has resulted in 40% of
cost reduction per bit transmitted, even by reduction of terminal equipment and related
power consumption [9]. Therefore, it is clear that there is significant potential for cost
savings when using higher serial line rates. Currently, electronic signal processing limits
the serial line rate to about 120 Gbit/s [10]. Higher rates, however, have been obtained
for various schemes, which are based on optical signal processing, which is well suited
for serial data signals, since a single ultra-fast optical switch can process data streams
and packets optically.

The need for power reductions is also getting more and more evident: the Internet today
emits more than 2% of the global man made CO2 emission [11]. Reduction of this rate
can be achieved by increasing the line bit rate, both with a single channel perspective
and with a spectral efficiency perspective using advanced modulation formats and latest
advances in coherent receiver technology [12].
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Transmission in Thit/s data rates on a single wavelength channel was demonstrated in
2000 [13], using a 640 Gbaud polarization-multiplexing (pol-MUX) and simple on-off-
key (OOK). Recently it has become apparent that Thit/s bit rates for Ethernet
applications will be needed very soon [14] and that the overall necessary capacity per
fiber will reach several tens of Thit/s [15]. One of the most promising techniques used
to obtain Thit/s is Optical Time-Division Multiplexing (OTDM), where very narrow
optical pulses originated from different optical communications links/channels are
optically multiplexed forming an ultra-high line rate communication link in a single
fiber, polarization and wavelength [16]. Some of the advantages of using simple OOK
purely serial format OTDM, when compared to other multiplexing techniques, such as
Dense Wavelength Division Multiplexing (DWDM), include [9] :

e equipment design with low component count with simple line cards;

o well-established techniques for all-optical signal regeneration.

As 10 Gbit/s Ethernet (10GE) transmissions become more widespread, the need for
multiplexing 10GbE data frames for more efficient high-capacity data transmission in
future transport networks appears. OTDM systems are potential technologies for
establishment of such high-capacity links, as the characteristics listed above combined
together can lead to considerable reduction in power consumption and equipment cost.

1.3 Thesis Goals

This thesis aims at designing and demonstrating back-to-back operation of a simple
OOK OTDM scheme, multiplexing 10 Gbit/s Ethernet input channels into a single
channel, polarization and wavelength, such as illustrated in Figure 1-1. The OTDM-
based multiplexing system is proposed as a high-speed bus to carry 10GE frames in
OTDM time slots [[9]9, 10, 16]. 10GE links transmit frames asynchronously with NRZ
line code. Also, 10GE standards [17] require that a signal speed variation to nominal
must be tolerated, i.e. there can be a frequency offset between input signal and
multiplexer clocks. These features have direct implications in the design of optically
transparent OTDM multiplexer, as OTDM is a bit-interleaved synchronous system
based on RZ [9, 10, 16].
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OTDM DEMY

Figure 1-1: OTDM system multiplexing 10GE input frames

We can briefly summarize the functions that must be performed in a 10GE optical
signal, in order to prepare it for being multiplexed to a channel of a higher speed OTDM

link:

NRZ-RZ format conversion. 10GE uses NRZ coding. This NRZ signal must be
format converted to RZ in order to be multiplexed into an OTDM channel. The
pulsewidth of the RZ must be appropriate for Thit/s operation.

Retiming of the input 10GE line signal to the system local clock. The 10GE line
signal may be time-misaligned with local clock, as frames are asynchronously
transmitted. Retiming is the process of compensate the (initial) time
misalignment between the line signal (input signal) and the system local clock.
Synchronization of the 10GE line signal bit rate (referred to as its fundamental
frequency f) to the local clock frequency (f; ), which is the base rate frequency
of the OTDM signal. Frequency offset (Af = f — f) may arise in 10GE from the
bit repetition rate deviation (e.g., £100 ppm in 10GBASE-R PHY tolerance) [17]
from the nominal standardized bit rate. Synchronization is the process of
adjusting the line signal bit rate to the local clock bit rate, eliminating this
frequency offset.

In our proposed OTDM system, these functions are performed by an optical signal
processing device. This device is called Format-conversion, Retiming, and
Synchronization unit, or simply FRS-unit. The FRS-unit design is based on the time-
lens effect [18]. A time-lens is a concept that arises from the time-space duality in
optical processing that refers to the analogy between the paraxial diffraction of light
beams through space and the dispersion of narrowband pulses through dielectric media
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in time [19, 20, 21]. Practical time-lenses within fiber optics are usually realized by an
optical phase modulator (PM) driven with an electrical sinusoidal signal, combined with
a dispersive element, such as dispersive fiber like a single mode fiber (SMF) or
dispersion compensated fiber (DCF) [[18]18, 19, 24, 25].

After being optically processed by the FRS-unit, the 10GE input signal is converted to
RZ coding, retimed and synchronized to the OTDM multiplexer local clock. There is no
need to perform clock recover of the input channels of the multiplexer, as the optical
signal is synchronized and retimed directly to the multiplexer local clock. This local
clock is used to drive all circuits.

The multiplexer design is completed with passive optical components. The RZ pulses
must be sufficient narrow to be multiplexed to OTDM [26]. A highly non-linear fiber
(HNLF) is used to provide pulse compression in order to convert the pulse train into
sufficiently narrow RZ pulses, which are subsequently multiplexed to the OTMD
channel in a passive fiber delay and polarization maintaining multiplexer (MUX).
Finally, the OTDM signal is demultiplexed by a nonlinear optical loop mirror (NOLM)
demultiplexer (DEMUX) [16]. All components, i.e. FRS-unit, pulse compression unit,
passive fiber delay multiplexer and NOLM demultiplexer are described and analyzed in
this thesis both with numerical simulation and laboratory experiments.

The remaining of this thesis is organized as follows. Chapter 2 presents a brief overview
about 10 Gbit/s Ethernet standards, highlighting characteristics of the common physical
layer definitions. Chapter 3 discusses the time-lens-based FRS-unit, which is used to
perform NRZ-RZ format conversion and retiming. The analysis in this chapter do not
consider the frequency offset effect, i.e. the evaluation is done for the case where
Af = f — fi= 0. Numerical simulation and laboratory experiments are reported as to
validate the operational conditions of the proposed FRS-unit device. In Chapter 4, we
extend the analysis of the FRS-unit in the presence of frequency offset, i.e. Af #0. We
report the numerical simulations and laboratory experiments that were used to validate
the synchronization of asynchronous 10GE-like frames to the system local clock, using
the FRS-unit. In Chapter 5, we describe the remaining modules of the OTDM
multiplexing system, which includes the MUX and DEMUX components. Back-to-back
(error-free) operation is demonstrated through laboratory experiment, reporting the
design and operation of a 330 Gbit/s OTDM multiplexing and demultiplexing system
that performs add and drop operations on a 10GE-like channel. A FSR-unit is used to
synchronize the 10G Ethernet asynchronous data frame to the OTDM MUX local
master clock. Finally, in Chapter 6 we present our conclusions and future works.
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1.4 Original Contributions

The following original contributions to the field of optical signal processing and optical
fiber communication have been made in the course of this research work:

e Design, analytical evaluation, and experimentation (numerical simulation and
laboratory experiments) of practical time-lenses for performing retiming of 10
Gbit/s RZ signals (Sections 3.2 and 3.5) [27].

e Design, analytical evaluation, and experimentation (numerical simulation and
laboratory experiments) of the time-lens-based FRS-unit, aiming at optically
processing 10GE-like frames in preparation for OTDM multiplexing. (Sections
3.3, 3.4, 3.5, and Chapter 4) [28, 29].

e Design and demonstration (laboratory experiment) of (error-free) back-to-back
operation of OTDM systems that aggregates 10 GE input channels into a single
high-capacity data transmission OTDM link, using the FRS-unit device for
synchronization of 10 GE-like frames to the local master clock of the OTDM
multiplexer (Chapter 5) [30, 31].
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2

BRIEF INTRODUCTION TO 10G ETHERNET

The evolution of the Ethernet in the 70’s [4, 32] not only brought a new phase in the
networking speed but also spread rapidly throughout the networking world. The greatest
advantages of the Ethernet are its low cost, scalability and ease to deploy and maintain

[4].

The Ethernet technology has grown beyond its limited boundaries of LAN’s to
encompass the long distance Point-to-point links in Metropolitan Area Networks
(MAN). The current generation of Ethernet standards encompasses channel speeds up to
100Gbps [34] and requires a network designed by considering bandwidth consumption
and incorporate network control and management into the high capacity Metropolitan
Area Network [35].

In this Chapter we present a brief review of 10 Gigabit Ethernet standards, which are
used as base input/output channels for our OTDM design and experiments. In special,
we highlight the asynchronous nature of 10GE and common requirements related to
signal processing, including synchronization and retiming of 10GE frames.

2.1 10 Gigabit Ethernet Frame Format

The key requirement in the development of the 10 Gigabit Ethernet Frame Format [37]
standards was the use of the standard Ethernet Medium Access Control (MAC) frame
format, specified in IEEE 802.3 standards [36]. The main reason for this relates to
seamless integration of the 10GE devices with existing Ethernet plants. More
specifically, there is no need for fragmentation/reassembling and address translation,
implying faster switching. The most common MAC frame format is depicted in
Figure 2-1 and contains the following fields:

e Preamble (7 bytes): This field is an alternating pattern of ones and zeros that
are used to signaling the start of an incoming frame and provides physical
signaling used to retiming the frame-reception portions of receiving physical
layers with the incoming bit stream. In older Ethernet standards these signaling
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were also used to collision detection in shared medium physical layer
implementations.

Start-of-Frame Delimiter — SFD (1 byte): This field is an alternating pattern of
ones and zeros, ending with two consecutive 1-bits, indicating to physical layers
that the next bit is the first bit of the MAC portion of the frame.

Destination Address — DA (6 bytes): This field identifies which station(s)
should receive the frame.

Source Addresses — SA (6 bytes): This field identifies the sending station.
Length/Type (2 bytes): This field indicates either the number of data bytes
(payload) that are contained in the data field of the frame, or the frame type ID,
if the frame is assembled using an optional format.

Data: This field is a sequence of n bytes (46 < n < 1,500) of user data (frame
payload).

Frame Checking Sequence — FCS (4 bytes): This field contains a 32-bit cyclic
redundancy check (CRC) value computed from all previous fields except from
Preamble and SFD. The encoding function is defined by the following
generating polynomial in Eq. 2.1:

G(x) = x"32 +x"26 +x"23 +x"22 +x"16 +x"12 + x"11 + x*10 + x"8 +

N7+ x5+ xM+xM24+x+1 0 (21)

7

1 6 6 2 46 <n<1,500 4

Preamble | SFD | DA | AS Length Type Data unit + pad FCS

Source: Adapted from [17]

Figure 2-1: Ethernet Frame Format

One important feature of Ethernet frames regards to its variable and bounded frame size
[1, 3, 17]. This is due to the variable-sized Data field, which has standardized minimum

(i.e. 46
frames
ing the
duplex
minimu
Etherne

bytes) and maximum (i.e. 1,500 bytes) size. As a consequence, Ethernet MAC
have minimum size of 64 bytes and maximum size of 1,518 bytes, not consider-
Preamble and SFD fields, which are used by the physical layer. Since the full-
operation is used, the link distance does not affect the MAC frame size. The
m MAC frame size will be made equal to 64 octets as specified in previous
t standards. Carrier extension is not needed, as there is no CSMA/CD (Carrier

Sense Multiple Access with Collision Detection) [17].
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2.2 10 Gigabit Ethernet

The IEEE 802.3ae or simply 10 Gigabit Ethernet (10GE), allows high-speed communi-
cation at rates of 10 Gbit/s. 10GE is a full-duplex implementation which can use optical
fiber as a transmission medium to provide point-to-point connectivity in LAN, MAN,
and WAN topologies. It maintains compatibility with previous Ethernet standards (i.e.
10Mbps, 100Mbps, and 1,000Mbps Ethernet) and allows them to be scaled to the 10
Gbit/s pattern. One major benefit of optical 10GE links is the length of a physical link,
which can reach up to 40 km [17]. The network architecture of 10GE is shown in Figure
2-2.

osi
REFERENCE
MODEL
LAYERS
APPLICATION
PRESENTAT
N [ MAC—MEDIA ACCESS CONTROL I
SESSION [ RECONCILIATION |
TRANSPORT ] [‘— XGA —p XMl P
NETWORK s Pcs
Py wis 648568 PCS 86/108 PCS LDPC PCS |
DAYA LINK PMA PMA PMA PMA > PHY
= ‘ PMD PMO PMO AN |
izt | Jemvoo—] | = | [e—wo—= T
[ MEDIUM <~ MEDIUM <» [ MEDIUM <> MEDIUM <>
10GBASE-W 10GBASE-R 10GBASE-X 10GBASE-T
AN » AUTO-NEGOTIATION SUBLAYER PMA = PHYSICAL MEDIUM ATTACHMENT
MDI = MEDIUM DEPENDENT INTERFACE PMD = PHYSICAL MEDRIM DEPENDENT
PCS = PHYSICAL COOING SUSLAYER WIS = WAN INTERFACE SUBLAYER
PHY = PHMYSICAL LAYER DEVICE XGMII = 10 GIGABIT MEDIA INDEPENDENT INTERFACE

Source: adapted from [17], pp. 2
Figure 2-2: Architecture of 10GE

2.2.1 Types of 10 G Ethernet Physical (10GE PHY)

These are the most used 10GE PHY nowadays:

e 10GBASE-W (WAN): defines WAN encoding for 10GbE, it encodes the
frames so that they are compatible with Synchronous Optical Network (SONET)
STS-192c data rates and Synchronous Digital Hierarchy (SDH) VC-4-64 trans-
mission standards allowing for 10 Gbit/s transmission across a WAN. It does
this by wrapping the 64B/66B payload [17] into a SONET frame, making the ef-
fective rate 9.95 Ghit/s.
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e 10GBASE-R (LAN): is the serial encoded Physical Coding Sublayer (PCS)
that allows for Ethernet framing at a rate of approximately 10.3 Gbit/s, i.e. a
MAC rate of 10.0 Gbit/s is obtained by using a 10.0 * 66/64= 10.3125 Gbit/s
equivalent line coding rate in order to compensate for the 64B/66B encoding
scheme.

e 10GBASE-X (LAN): uses similar coding methods as 10GBASE-R but is only
used in the definition of 10GBASE-LX4 [17]. This is mainly because LX4 oper-
ates on both single and multimode fibers, giving it a unique set of specifications
as defined in its PMD.

e 10GBASE-T (Copper / LAN): provide 10 Gbit/s connections over unshielded
or shielded twisted pair cables, over distances up to 100 meters.

2.2.2 10GE 64B/66B PCS (Physical Coding Sublayer)

In data networking and transmission, 64B/66B is a line code that transforms 64-bit data
to 66-bit line code to provide enough state changes to facilitate clock recovery and time-
alignment (i.e. retiming) of the data stream at the receiver [38].

The PCS [40] uses a transmission code to improve the transmission characteristics of
information to be transferred across the link and to support transmission of control and
data characters.

The encoding also preserves the likelihood of detecting any single or multiple bit errors
that may occur during transmission and reception of information. In addition, the syn-
chronization headers of the code enable the receiver to achieve block alignment on the
incoming PHY bit stream. The 64B/66B transmission code specified for use in 10GE
standards has a high transition density and is a run-length-limited code [38].

2.2.3 10GE PMA (Physical Medium Attachment)

The PMA [41] provides a medium-independent means for the PCS to support the use of

a range of physical media and performs the following functions for 10GBASE-R and

10GBASE-W [17], which are the standards we are using in this thesis:

e Mapping of transmit and receive data streams between the PCS and PMA via the
PMA service interface.

e Serialization and deserialization of bits for transmission and reception on the under-
lying serial Physical Medium Dependent (PMD) sublayer.

e Clock recovery from the received data stream.

e Mapping of transmit and receive bits between the PMA and PMD via the PMD ser-
vice interface.

e Optionally provides data loopback at the PMA service interface.


http://en.wikipedia.org/wiki/Line_code
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2.2.4 10GE PMD (Physical Medium Dependent)

The Physical Medium Dependent (PMD) [42] sublayer consists of a transceiver for the
physical medium and performs the transmission and reception of base band (NRZ) seri-
al bit streams on the underlying medium.

Optical transceivers, called Physical Media Dependent (PMD), are defined for single-
mode fibers, which can be used in LAN and WAN networks. With this setting, arose
two new kinds of physical layer (PHY): LAN PHY and WAN PHY. The first is used to
transmit Ethernet frames in a local network, while the second enables the transport on
existing infrastructures like SONET or SDH (Synchronous Digital Hierarchy) [17]. This
is the most relevant physical sublayer to the work presented in this thesis, as it defines
the line coding format of optical pulses.

The interface with the physical medium is accomplished by a standard called 10Gigabit
Attachment Unit Interface (XAUI), offering seven different types of connections:
10GBASE-LX4, 10GBASE-SR, 10GBASE-LR, 10GBASE-ER, 10GBASESW,
10GBASE-LW and 10GBASE-EW, which differ in the type of physical layer applied
(LAN PHY or WAN PHY) and the model used fiber (SMF or MMF).

2.2.5 Asynchronous Nature of 10 GE

The 10GE Optical links transmit frames asynchronously with Non-Return-to-Zero
(NRZ) line code [41, 43] and nominal frequency (bit rate) f. The latter varies up to + 20
ppm of the nominal transmission rate, i.e. up to £ 200 kHz frequency offset according to
the 10GBASE-W PHY (WAN PHY) standard, and up to £100 ppm, i.e. up to £ 1 MHz
frequency offset according to the 10GBASE-R PHY (LAN PHY) [17]. This thesis ad-
dresses these features since they have direct implications on multiplexing 10GbE data
into OTDM, as OTDM is a bit-interleaved synchronous system based on Return-to-Zero
(RZ) narrow pulses. These particularities are addressed in Chapters 4 and 5 of this the-
sis.
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3

10GBIT/S NRZ-RZ FORMAT CONVERSION
AND RETIMING

This Chapter presents the proposed FRS-unit for performing the NRZ-RZ format con-
version and retiming functions. Thus, in this Chapter, there is no frequency offset be-
tween incoming signal and the local clock (Af = 0). Format conversion is based on an
intensity modulator implemented by a Mach-Zehnder Modulator (MZM) driven by an
electrical sinusoidal RF signal with the frequency of the OTDM local clock fundamental
frequency (f.) [12]. Retiming is based on a time-lens device [25, 27], which the concept
relies on the mathematical equivalence between spatial diffraction and temporal disper-
sion, the so called space-time duality. A lens held at fixed distance from an object pro-
duces a magnified visible image. The lens imparts a quadratic phase shift to the spatial
frequency components of the optical waves; in conjunction with the free space propaga-
tion (object to lens, lens to eye), this generates a magnified image. Owing to the mathe-
matical equivalence between paraxial diffraction and temporal dispersion, an optical
waveform can be temporally imaged by a three-step process of dispersing it in time,
subjecting it to a phase shift that is quadratic in time (the time lens itself), and dispers-
ing it again [20].

A time-lens is usually composed by a dispersive element and the use of a phase modula-
tor that is driven by the sinusoidal signal. Sinusoidal signals are easily generated and
have no discontinuities in its time derivative, as opposed to periodic parabolic signals,
which have time derivative discontinuities (i.e. for each t = nT,) see Figure 3-5. Indeed,
a sinusoidal signal is a good approximation to the ideal parabolic drive, near the maxi-
mum (or minimum) of the signal.

In order to process a pulse train, the signal frequency f_ should equal the fundamental
frequency of the bit rate (e.g. a pulse train of 10 Gbits/s should have f, = 10 GHz). This
Chapter discusses and analyzes the limitations of this optical processing device, both
analytically and by using numerical simulation.

The analysis in this Chapter do not consider the full operation of the FSR unit as the
frequency offset between incoming signal and the local clock is zero, (i.e., Af = 0). Syn-
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chronization and frequency offset compensation are considered in Chapter 4, while the
complete design of the OTDM multiplexing system shown in Figure 1-1 is discussed in
Chapter 5.

3.1 NRZ-RZ Format Conversion

On-off-key (OOK) NRZ and RZ are intensity modulation formats [12]. NRZ-RZ format
conversion in this proposal is obtained by a pulse carver that is used to turn an optical
NRZ format into its RZ equivalent. A pulse carver can conveniently be implemented as
a sinusoidally driven Mach-Zehnder Modulator (MZM). MZM enables the possibility of
independently modulating intensity and phase of the optical field reference. A possible
drawback is the polarization dependence of the device, which requires some control of
the State of Polarization (SOP) of the incoming signal.

In this design, the MZM is used as an intensity modulator which is driven by sinusoidal
signal, biased at Vpp/2, oscillating at the OTDM local clock frequency f,, which corre-
sponds to the bit rate of the input NRZ signal. This results in RZ optical pulses with
full-width at half-maximum of 50% (duty cycle of 50%)[12, 44], as shown in Figure
3-1.

NRZ Pulses Pulse Carver
(ethernet frames) RZ pulses (Ethernet Frames)
[ I I I I

0= AN A=

>

50% duty cycle

@
fiL

Figure 3-1: Pulse carver (MZM)

Note that, in order for this scheme to be effective, the sinusoidal drive signal must be
reasonably time-aligned to the center of the NRZ input pulse. Let At represent the time
misalignment between NRZ input pulse and the local clock signal and At is formally
defined as the time difference between the time position of the center of the input pulse
and the time position of the maximum of the local clock. As Ty = T (Af'= 0), all the in-
coming pulses will have the same At in this particular case. Figure 3-2 illustrates differ-
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ent input pulses with distinct values for Az. For |A¢| > At,,, the output RZ-converted
pulse becomes distroced. Therefore, we can establish an operational range for the circuit
based on the condition expressed in Eq. 3.1, where Atop (puise carver) denotes the operational
range of the pulse carver. A similar operational conditional is established for the time-
lens retiming circuit (see Sections 3.2). These conditions are experimentally evaluated
in this thesis.

| At | < Atop (pulse carver) (31)
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Figure 3-2: Time-misalignment of NRZ input pulses and MZM sinusoidal driving signal

3.2 Retiming of RZ pulses with Time-Lens

An ideal time-lens is realized by quadratic phase modulation combined with disper-
sion [20, 22, 27]. The reason for using quadratic phase modulation is that this is used
to induce a linear chirp in the optical signal, which can be easily compensated with
linear optical dispersion. An optical pulse that is subjected to this ideal time-lens, i.e.
implemented with perfectly quadratic phase modulation, can be linearly compressed
(or expanded) [45] in the time scale, without distortion in the pulse shape.

The interest here is in processing an OOK RZ pulse train, each pulse having a period
of T = 1/f, where f is the frequency of the bit rate, as shown in
Figure 3-3. Therefore, in order to process this pulse train, the signal driving the phase
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modulator (PM) should be periodic. The periodic parabolic drive is depicted in
Figure 3-3.

The ideal time-lens is, then, implemented as a phase modulator (PM) driven by a
parabolic periodical signal with frequency f_ — the local clock — followed by a disper-
sive element, such as a piece of fiber (SMF or DCF) [18, 19, 20, 21, 22, 24, 25]. In
this section, we are considering T =T, or simply, f = f_ (Af = 0).

Input(l'?’;ZAp;)ulses Time-lens e Retimed RZ pulses
ST e IOTIESNT

@

fL

Figure 3-3: Time-lens used for Retiming of RZ input pulses

Previously, optical NRZ-to-RZ conversion has been demonstrated by various ap-
proaches including the use of high non-linear fiber (HNLF) [46, 47], semiconductor
optical amplifier (SOA) [48], microring resonator [49] and optoelectronic oscillators
[50]. However, some of these schemes could introduce serious inter channel crosstalk
when applied to a multi-channel system.

Again, let At represent the time misalignment between input pulse and the local clock
signal. We are using here the same definition for At as provided in Section 3.1, i.e. At
is defined as the time difference between the time position of the center of the input
pulse and the time position of the maximum of the local clock. As T = T (Af = 0), all
the incoming pulses will have the same At in this particular case. Figure 3-4 illustrates
different input pulses with distinct values for At.
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Figure 3-4: Time-misalignment between RZ input pulses and parabolic local clock

Note that the parabolic signal represented in Figure 3-4 has discontinuities in its time
derivative near the transitions of the bit period, i.e. where the signal reaches its mini-
mum (t = nT,). Therefore, such type of periodic signals cannot be used for time misa-
lignments where the input pulse is subjected to a phase modulation driven in the dis-

continuity range [51]. This extreme case is shown in Figure 3-5.

Therefore, the ideal time-lens circuit can only be used for certain values of At. This
condition is expressed in Eq. 3.2, where Atop gime-lens) defines the operational range for
the circuit. Note that Eq. 3.1 and 3.2 have similar expressions, although each circuit

has a specific value for At.

| At | < Atop (time-lens)

(3.2)
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Figure 3-5: Operational range of a time-lens with periodic quadratic phase modula-

tion

The limitation expressed in Eq. 3.2, together with the need for an arbitrary waveform
generator in order to get a parabolic signal, encourage the use of practical time-lenses
where the driving signal is sinusoidal, as this signal can be easly generated using a
synthesizer. For a sinusoidal driving signal expressed in Eq. 3.3, the driving signal is
approximately quadratic for At close enough to the local clock maximum (or mini-
mum). Note that this condition can be expressed in the same way of Eq. 3.2. Let us
consider that the incoming signal is phase modulated by a sinusoidal signal of fre-
quency f.. The voltage signal (¥(¢)) driving the phase modulator is represented in the
time domain as Eq. 3.3:

V(t) = %cos(th) (3.3)
where Vpp is the peak-to-peak voltage variation and o, = 2xf, is the angular frequen-

cy of the sinusoidal drive signal (i.e., the system local clock).

The phase shift induced by the phase modulator is given in Eq. 3.4:

V()

p@)=m (3.4)
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This can be expressed as Eqg. 3.5:

o (t) = %Vpp cos(w.t) (3.5)

Introducing the notation for the modulation index A as defined in Eq. 3.6:

T
M= -V (3.6)

The phase shift induced in PM can be, therefore, expressed as Eq. 3.7:

@(t) =M cos(w,t) (3.7)

If the time misalignment At is close enough to the maximum of the cosine function,
the phase shift can be approximated locally by Eqg. 3.8:

o(H=M (1-225) (3

The relative phase shift at time misalignment At, when compared to the one at At=0
(i.e. the pulse is aligned with the maximum of the cosine) becomes (Eq. 3.9):

w2At?

Ap(At) = — M (3.9)

The corresponding chirp is the variation of the optical frequency of the signal (or var-
iation on wavelength) due to the phase modulation and is given by the time derivative
of the phase deviation, as shown in Eq. 3.10:

sw()= -2 (3.10)
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The chirp therefore is expressed as in Eq. 3.11:

Sw(At) = Mw?At  (3.11)

From Eq. 3.11, it is clear that the chirp is linear, with a chirp rate expressed by

C = Mw?.

The chirp (or deviation from a reference optical frequency w,) of a pulse depends on
the temporal misalignment At with respect to the maximum of the sinusoidal phase
modulation. If the signal is further propagated in a dispersive medium of dispersion
B, and the length L, the different frequency components travel at different velocities,
and one will obtain a timing misalignment, with respect to a pulse located at At = 0,
of (Eq. 3.12):

Atriper = Balw = BLMwiAt  (3.12)

Therefore, the total time misalignment at the output of the time-lens is expressed in

Eq. 3.13.

Atioral = At + Atgper = At (1 £ BLMw])  (3.13)

Retiming is achieved when At,,t, = 0, hence (Eq. 3.14):

1

1 + B,LMw? =0or B,L = =
L

(3.14)

From Eqg. 3.14, we can find the condition linking the modulation index and the fiber
parameters [, and L in order to retime the signal to f_. Note that Eq. 3.14 also ex-
presses the compression ratio for the output pulses due to group velocity dispersion
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(GVD) [52]. B,L can be set to a value that is greater than one, leading to pulse com-
pression [24].

Figure 3-6 presents some of the consequences of using a more practical sinusoidal
phase modulation, instead of the theoretical quadratic phase modulation. The dark
blue line shows the modulating sinusoidal signal (A¢), with its maximum placed to
the center position (At = 0). The green line shows the induced chirp (Aw), which is
the time derivative of the phase shift produced by the phase modulation driven by the
sinusoidal signal. The red line shows the ideal linear chirp that would result from the
quadratic phase modulation (Amigear). The chirp from sinusoidal signal deviates from
the linear chirp for all signals except at At = 0. However, there is a time interval
where the deviation is so small that, in practice, the sinusoidal and the quadratic mod-
ulations can be assumed to have identical effects in the optical pulse. This deviation is
shown by the light blue line (A® — A®igeal)-

The conclusions for analyzing Figure 3-6 are that, in the case of the sinusoidal drive,
there will be an operational range Aty,, which can also be expressed as by Eq. 3.1.
This Atyp is used to express the values of At for which the sinusoidal function is a
good approximation for a quadratic function. In this thesis, we derive this operational
range with numerical simulations and laboratory experiments, rather than obtaining
an analytical expression for this.
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Figure 3-6: Ideal quadratic chip vs. sinusoidal chirp

Figure 3-7 illustrates the cases where |At| = At,p, which correspond to the limits of the
operational range for the circuit. For pulse with At outside the operational range, we
expect to observe the following effects:
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e Pulses can become distorted (in shape), as the chirp would not be considered
linear for the whole pulse duration.

e Retiming would not work properly, which should be translated in some re-
maining time-misalignment after the pulse has been processed by the time-

lens.
s ™
local
clock U U
At = _Atop-’_' — At = Atop
asynchronous /\ /\
RZ-pulse \
(input)
retimed &
compressed
RZ-pulse

(output)

Figure 3-7: Operational range At € (-At,, ,At,,) of a sinusoidally driven time-lens

So, when using the sinusoidal control signal in the PM, we expect to have a practical
time-lens that is able to retime input RZ pulses to the local clock (i.e. to the maximum
of the sinusoidal signal), and should also produce additional compression of the pulse,
which is due to group velocity dispersion of the chirped pulse in the dispersive medi-
um. This is the effect that we use to build our FRS-unit device.

3.3 NRZ-RZ Format Conversion and Retiming with Pulse
Carver + Time-lens

Figure 3-8 illustrates the complete FRS-unit, which consists of a Phase Modulator
(PM), cascaded with a pulse-carving Mach-Zehnder Modulator (MZM), followed by a
piece of fiber as dispersive element. Both the PM and the MZM are driven by a sinusoi-
dal signal, oscillating at the local clock corresponding to the frequency of the bit rate.
Note that bit rate is in bit/s whereas a clock is in Hz. In this configuration, the PM ap-
proximates a quadratic phase modulation and is used to introduce linear chirp at the
optical signal, while the MZM is used to remove the part of the input waveform subject-
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ed to the upper part of the sinusoidal phase modulation. Thus, the MZM acts as a pulse
carver, performing NRZ-RZ format conversion. As previously discussed, this design
allows for a resulting RZ signal with 50% duty cycle [12, 44]. Finally, the dispersive
element (e.g. SMF) provides the temporal focus in the system by eliminating the chirp
in the optical signal.

Input NRZ Retimed RZ
ethernet frames Time-lens ethernet frames
(f, A SMF
st Y e o (TN
Modulator [ M#M >
I
i
Phase Shift
(180°)
I —
@
T

Figure 3-8: FRS-unit based on a pulse carver + time-lens

The circuit in Figure 3-8 is subjected to operational conditions imposed by both the
pulse carver (Eq. 3.1) and the time-lens (Eq. 3.2). This can be generalized in as in Eq.
3.15.

| AL < Aty (3.15)

3.4 Analysis of Practical Time-lens for Retiming of Asynchro-
nous Pulses

In order to evaluate the operational range (Atop) of the pulse carver + time-lens circuit
described in the last section, three performance metrics are used: Eye Contrast Ratio
(ECR), Output Time Misalignment (At), and Full Width Half Maximum (FWHM),
which are presented and discussed in this section.

3.4.1 Eye Contrast Ratio (ECR)

The ECR is a measure for the vertical opening height of an eye pattern and is defined as
the difference between minimum power level representing bits “1” (Pymin) and the
maximum power level representing bits “0” (Pomax). This is shown in Eq. 3.16, for
power levels expressed in dBm and ECR in dB:
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ECR (dB) = P min(dBm) — Pymax(dBm) (3.16)

Figure 3-9 shows the eye contrast ratio, for a typical eye diagram of retimed output RZ
signal generated from an input RZ signal using a time-lens as shown in Figure 3-3. This
diagram is generated for a time-lens optimized for f = f. = 10 Gbit/s, as per Eq. 3.14.
The incoming signal is a RZ signal with At = 0.05T,_ and extinction ratio of 20 dB.

Eye Diagram
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t(ps)

)
o

Figure 3-9: Eye Contrast Rate definition (At = 0.05T,)

In order to evaluate the ECR from the eye diagram, the sampling point of the ‘1° and ‘0’
bit levels must be precisely identified. Based on the definition of ECR, the ideal sam-
pling point corresponds to the time where the signal level reaches its maximum, for
each ‘0’ pulses, and its minimum, for each ‘1’ pulses. Clearly, if retiming is obtained,
these would be the same, as shown in the eye diagram from Figure 3-9.

However, for time misalignments outside the operational range, i.e. when | At | < Atyp,
the evaluation of ECR can be challenging, because of pulse distortions that occurs in the
output pulses, due to deviation of the sinusoidal phase modulation in relation to the ide-
al quadratic phase modulation. Also, the minimum ‘1’ level and the maximum ‘0’ level
in the eye diagram can be time-misaligned. These effects can be observed in the eye
diagram in Figure 3-10, which shows the ECR calculation for the same time-lens used
and RZ input pulses in the example of Figure 3-9, except from the time misalignment
parameter that has been set to At = 0.25T,.
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Eye Diagram
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Figure 3-10: Eye Contrast Ratio (At = T,/4)

3.4.2 Output Time Misalignment (Ar)

The second metric looks for the resulting time misalignment in the output pulse, meas-
ured as the time difference of the maximum of the pulse and the maximum of the sinus-
oidal clock, which represents the focal point of the time-lens. This metric is evaluated
from waveform patterns of the output pulses and can be expressed by Eq. 3.17, where
tar=o IS the time value where the sinusoidal drive signal reaches its maximum, and t,,,,
is the time value where the output pulse reaches its maximum. In order to calculate
At in Eq. 3.17, the waveform of the output pulses representing ‘1’ bits where fit to a
Gaussian function in order to estimate its maximum value ¢t,,,,, i.€., the mean parame-
ter in the Gaussian function. The maximum of the sinusoidal signal (t,;=,) is determin-
istically identified.

AT = tar=0 = tmax (3.17)

Figure 3-11 illustrates the output time misalignment (At ) calculation. The waveforms
of the sinusoidal drive signal (i.e., the local clock signal) and the output RZ pulses
shown in the diagram were obtained from the setup shown in Figure 3-3, for a time-lens
optimized for f = f_ = 10 Gbit/s, as per Eqg. 3.14. The incoming signal is a RZ signal
with At = 0.1T|_.
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Figure 3-11: At definition: waveforms for (a) output RZ signal, and (b) sinusoidal clock
(At = 0.1 TL)

3.4.3 Full Width Half Maximum (FWHM)

Full width at half maximum (FWHM) is an expression of the extent of a function, given
by the difference between the two extreme (what do you mean by extreme) values of the
independent variable at which the dependent variable is equal to half of its maximum
value, as shown in Figure 3-12. FWHM is applied to measure the duration of pulse
waveforms, and as a function to determine duty-cycle of RZ pulses.
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Figure 3-12: FWHM definition

FWHM is evaluated from eye diagram patterns of output pulses, as shown in
Figure 3-13, which is obtained for a FRS-unit as shown in Figure 3-8. The time-lens
used is optimized for f = f_ = 10 Gbit/s, as per Eq. 3.14. The incoming signal is a RZ
signal with At =0.

Eye Diagram
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— RZ Output Signal l
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Power [mW]
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Figure 3-13: FWHM definition: eye-diagram for output RZ signal (At = 0)

3.4.4 Metrics Evaluation

As shown in Figure 3-6, the induced chirp inside the operational range of the device is
approximately linear with At, which allows the correct optical processing of the input
pulses — the pulses are time position locked to the focal point of the time-lens. However,
outside the operational range (i.e., |At| >At,p), the induced chirp is nonlinear. Therefore,
the interplay between chirp and dispersion is not optimum, which results in:
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e Decreased ERC: Pulses that are not subjected to linear chirp are at the output of
the FSR unit likely to appear with less peak power (i.e., minimum power for bits
‘1”), due to the distortions in the pulses, in relation to pulses processed with
|At] <Atop. Also, if T/2 > |At] >>Atyy, it can result in some type of “inter-symbol
interference”, due to an input pulse being subjected to the sinusoidal phase mod-
ulation corresponding to different bit period slots in the local clock. These con-
ditions are detected as a decreasing in the ECR.

e Increased |Az|: Pulses that do not receive enough chirp in the PM and cannot be
correctly adjusted to the focal point of the time-lens. These will be ahead in time
(if At > 0) ordelayed (if At < 0) compared to the local clock reference, i.e.
the sinusoidal maximum. This is detected as an increasing in the absolute value
of At

e Increased FWHM: Pulses that do not adjust to the focal point of the system are
stretched in time (larger) — compared to pulses that are properly compressed.
This is detected as an increasing in the FWHM metric.

These properties are evaluated in the next section for:

e RZinput signal

o Time-lens only

o No pulse carver, as the setup shown in Figure 3-3
e NRZ input signals

o Pulse carver

o Time-lens, as the setup shown in Figure 3-8.

The basic evaluation consists in determining ECR, Az, and FWHM as function of
At (-T/2 < At < T/2) in order to identify the appropriated operational range (Atyp) of
the device by evaluating the deviation of the defined metrics in respect to the reference
values established for At = 0 (no time misalignment).

3.5 Analysis of Practical Time-lens: Numerical Simulations

In this Section, the practical time-lens limitations described in the last section are
demonstrated by numerical simulations of the schemes presented in Figure 3-3 and Fig-
ure 3-8.

Simulations were run with the VPI Transmission Maker Gui Version 8.6 (Build: 284).
We have simulated setups for (1) retiming of time-misaligned RZ input pulses (time-
lens only, as in Figure 3-3) and (2) NRZ-RZ format conversion and retiming of time-
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misaligned NRZ input pulses (time-lens + pulse carver, as in Figure 3-8). There is no
frequency offset (Af = 0) for the simulations described in this Section.

In both cases, the sweep of the time misalignment (At) is generated by a controllable
phase shift (PS) module, as shown in Figure 3-14, which is used to set the time misa-
lignment of input pulses in relation to the local clock in the simulations

FRS-unit

OOK

Phase 200 R
Modulator X
Generator

Pulse
bit rate = 10 Gbhits/s
(f=10GHz or T=100 ps)

PS

phase shift

local clock
(f=10GHz or T, =100ps)

Figure 3-14: Numerical Simulation Setup (NRZ case)

The system parameters for the simulation are as follows:

e OOK
o Input pulse bit rate: 10Gbit/s (f = 10 GHz and T = 100ps)
o Input pulse format: RZ (33% duty cycle) or NRZ
o 8.192 bits generated using a Pseudo-Random Binary Sequence (PSBR)

with 2" — 1 length.

o Extinction Ratio = 20 dB

e Phase Modulator
o M=Vpp/V,=27n

e SMF
o GVD parameter (B): -20 ps/m?
o Length: 3 km (as designed per Eq. 3.14).

e Local clock
o fL=10GHz (T, =100 ps)
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3.5.1 Retiming of RZ Asynchronous Pulses (time-lens only)

Figure 3-15 shows the VPI Transmission Maker setup for the numerical simulations
used to characterize the retiming of RZ time-misaligned pulses. Note that, in this case,
there is no pulse carver. Very briefly; the simulation set-up consists of the following
modules [54]:
e CoderRZ (OOK): Used to produce the RZ signals, where:
o Each 1 is partially coded as samples with amplitude 1.0, and partially
coded with samples with amplitude 0.0.
o The DutyCycle RZ (CoderDriver OOK) and PulseLengthRatio
(CoderRZ) defines the width of the 1.0-amplitude part of the bit.
o Each 0 is coded as samples with amplitude 0.0.
o No jitter added
e PhotoDetector (PD) — No noise added.
e Signal Analyzer
e Phase Modulator (PM): Phase Deviation of 180.0 x 2.7 deg
e Single Mode Fiber: 3km
e PhotoDetector (PD) — No noise added
e Signal Analyzer
e FuncSineEl: Sinusoidal.
o Frequency 10e9Hz
o amplitude of 0.5 a.u.
e PhaseShift
o used for the pulse delay
e DC
o Amplitude: 0.5V

The objective is to derive the operational range Ato, as a function of the performance
metrics ERC, Az, and FWHM.
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Figure 3-15: Numerical Simulation Setup (VPI Transmission Maker): RZ input pulses

ECR Evaluation

Figure 3-16 shows the ECR as a function of the time misalignment, obtained for the
setup in Figure 3-15. In order to establish the operational range of the circuit, it is possi-
ble to define a threshold for the decreasing of ECR, as shown in Eq. 3.18:

ECR(At = 0) — ECR(At,p) = threshold (3.18)

Three typical values were evaluated for this threshold: 1, 2 and 3 dB. In Figure 3-16 the
ECR is determined for the RZ case. The threshold and the respective operational range
definition are also shown in Figure 3-16.
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Figure 3-16: ECR versus At: operational range of Time-lens (RZ input pulses)

For each thresholds value, the operational range obtained from Figure 3-16 is shown
inTable 3.1.

Table 3-1: Aty vs thresholds — RZ input pulses

(@ (b) (©
Threshold 1dB 2dB 3dB
Atop 10 ps (T /10) 16.5ps (T./6) 20ps (TL/5)

At Evaluation

Figure 3-17 shows the Aras a function of the time misalignment, obtained for the setup
in Figure 3-15. In the operational range of the circuit, Az should ideally be zero. Indeed,
the line in Figure 3-17 is quite similar to the line representing the deviation to the ideal
linear chirp in Figure 3-6. The dotted line in Figure 3-16 represents the time
misalignment of the input pulses. Note that it is clear that the time position of the
processed pulses are moved significantly. However, there is still some temporal
misalignment in the output pulses due to the deviation of the actual amount of chirp
induced by the sinusoidal phase modulation, in relation to the required linear chirp.
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Figure 3-17: At versus At : operational range of Time-lens (RZ input pulses)

FWHM Evaluation

Figure 3-18 shows the FWHM as a function of the time misalignment, obtained for the
setup in Figure 3-15. In the operational range of the circuit, FWHM should be constant
and equals FWHMoytput = FWHMinpie / C = 8.4 ps, where C is given in Eq. 3.11. This
theoretical FWHMoypue 1S shown in Figure 3-17 as a dotted line. Note that FWHM in-
creases as the time misalignment sweeps away from the central position (4t = 0). Again,
this effect is due to the deviation of the induced chirp from the ideal linear chirp.

o1
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Figure 3-18: FWHM versus At: operational range of Time-lens (RZ input pulses)

3.5.2 Retiming of NRZ Asynchronous Pulses (pulse carver + time-
lens)

Figure 3-19 shows the VPI Transmission Maker setup [54] for numerical simulation
used to characterize the retiming of input NRZ time-misaligned pulses. Note that, in this
case, there is an additional pulse carver represented by the MZM module in the diagram.

e PRBS: generates many types of data sequence.
o Generates a sequence of single 1’s and 0’s at a sample rate of on sample
per bit.
e NRZ: Generates NRZ Signals.
o Each bit is converted into a number of samples equal to Sam-
pleRate/BitRate (defined for the whole system)
e RiseTime: used to turn a pulse sequene from thecoders that has a zero rise- and
fall times, into a realistic bandwidth-limited signal.
e MZM: Mach-Zehnder Modulator
e PhaseShift
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o used for the pulse delay
e PM: Phase Modulator
o Phase Deviation of 180.0 x 2.7 deg
e FuncSineEl: Sinusoidal.
o Frequency 10e9Hz
o amplitude of 0.5 a.u.
e PhaseShift: used for the pulse delay
e DC
o Amplitude: 0.5V
e MZM: Mach-Zehnder Modulator
e Single Mode Fiber: 3km
e Signal Analyzer
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Figure 3-19: Numerical Simulation Setup (VPI Transmission Maker): NRZ input pulses

ECR Evaluation

Figure 3-20 shows the ECR as a function of the time misalignment, obtained for the
setup in Figure 3-19.

Once again, it is evaluated three typical values for this threshold: 1dB, 2 dB and 3 dB.
The threshold and the respective operational range definition are also shown in
Figure 3-20.

For the evaluated thresholds, the operational range is obtained at Figure 3-20 is shown
in Table 3.2.
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Table 3-2: Aty Vs thresholds — NRZ input pulses

(@) (b) (c)
threshold
1dB 2dB 3dB
Atop 18ps 22ps 25ps (T /4)

Note that the operational range is lightly broader for the case of the NRZ case. This is
because the pulse carver carves out the RZ pulses in the same time position aligned with
the time-lens focus.
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Figure 3-20: ECR versus At: operational range of Time-lens (NRZ input pulses)

At Evaluation

Figure 3-21 shows Azas a function of the time misalignment, obtained for the setup in
Figure 3-19. The dotted line is representing the time misalignment of the input pulses,
showing that the processed RZ pulses are actually been moved in time by the time-lens.
Once again, we expect that, in the operational range of the circuit, Az should be close to
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zero. Note that there is a deviation in Arthat is due to the deviation to the expected line-

ar chirp (as a function of At). The line in Figure 3-21 is also quite similar to the line rep-
resenting the deviation to the ideal linear chirp in Figure 3-6. However, this line is
carves out the RZ pulses (Figure 3-17) in the same time position aligned with the time-

lens focus.
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Figure 3-21: At versus At: operational range of Time-lens (NRZ input pulses)

FWHM Evaluation

Figure 3-22 shows the FWHM as a function of the time misalignment, obtained for the
setup in Figure 3-19. In the operational range of the circuit, FWHM should be constant

and equals FWHMgypue = T/2/C = 6.4 ps, where C is given by Eq. 3.11. This level is
represented by the dotted line in the diagram. Note that FWHM increases as the time

misalignment sweeps away from the central position (At = 0). This effect is also due to
the deviation of the induced chirp in relation to the ideal linear chirp.
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Figure 3-22: FWHM versus At: operational range of Time-lens (NRZ input pulses)

3.6 Conclusions

We have defined three metrics for evaluation of the proposed FRS-unit:

Eye Contrast Ratio (ECR), Output Time Misalignment (Art), and Full Width Half Max-
imum (FWHM), which were evaluated through numerical simulations for two configu-
rations:

e Input RZ pulses (time-lens only), 33% duty cycle:
o For ECR (At =0) - ECR < 3 dB (threshold = 3dB), an operational range
of Atep= 20ps (T./5) is established.
o | At|<1ps (within the operational range).
o  FWHMgupu = 8.4ps (within the operational range).

e Input NRZ pulses (time-lens + pulse carver):
o For ECR(4t = 0) - ECR < 3 dB (threshold = 3dB), an operational range
of Atep= 25ps (T /4) is established.
o | Ar| <1 ps (within the operational range).
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o  FWHMguput = 6.4ps (within the operational range).

The operational range is slightly greater for NRZ input pulses. This is due to the pulse
carver that is carving out the RZ pulses in the time-lens focus, in NRZ case, while the
line signal is present only during 33% of bit period (33% duty cycle were used in the
simulations).

In a system level, we conclude that, in order to be fully operational, the time misalign-
ment of the input pulses must be inside the operational range of the designed circuit.
Some basic electronic circuits can be used to provide this condition, e.g. an controlled
phase shift in the local electrical clock. The phase shift could be controlled by an elec-
tronic envelop detector which detects the frame arrival and performs the choice for the
correct phase shift. These complementary circuits are electronic, which provides a cost-
ly and efficiently design.
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A

10GBIT/S NRZ-RZ FORMAT CONVERSION,
RETIMING, AND SYNCHRONIZATION

In this Chapter, the FRS-unit for synchronization, retiming and NRZ-RZ format conver-
sion of 10GE-like optical signals [55] is evaluated. Our goal is to analyze the operation-
al conditions of the device for processing asynchronous NRZ-formatted for 10Gbit/s
optical signals, in the presence of frequency offset (Af = 0), i.e. when there is a differ-
ence between the local clock frequency (f.) and the input line signal bit rate (f). Fre-
quency offset is evaluated inside the operational tolerance of the 10GE PHY standards,
i.e., £1 MHz (£100 ppm) for 10GBASE-R and +200 kHz (20 ppm) for 10GBASE-W.

4.1 Synchronization with Pulse Carver + Time-lens

Figure 4-1 illustrates the FRS-unit based on a pulse carver + time-lens[31, 69]. The in-
put signal is an asynchronous NRZ frame of size n bits (n < 8 X 1518 = 12144 bits, as
per Ethernet MAC standard), bit rate f and initial time misalignment At; (i.e., time misa-
lignment of the first bit in the frame in relation to the minimum of the local sinusoidal
clock). The time-lens consists of a Phase Modulator (PM) and a piece of fiber as disper-
sive element, interleaved with a pulse-carving Mach-Zehnder Modulator (MZM).

The PM is driven by the local clock sinusoidal signal, oscillating at the nominal bit rate
frequency (f.). In this configuration, the PM approximates a quadratic phase modulation
(see Chapter 3) and is used to introduce linear chirp at the optical signal. The MZM is
driven by the sinusoidal local clock biased at Vp,/2, as explained in Section 3.1. In this
configuration, the MZM acts as an intensity modulator and removes the part of the input
waveform (pulse carving), subjected to the upper part of the sinusoidal phase modula-
tion, performing NRZ-RZ format conversion. Such a design allows for an output RZ
signal with 50% duty cycle [12, 44]. Finally, the dispersive element (e.g. SMF) provides
the temporal focus in the system by eliminating the chirp in the optical signal [25].
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Figure 4-1: FRS-unit based on a time-lens
The detailed explanation of the operational principle is as follows:

e The input signal is an asynchronous frame consisting of serialized NRZ coded
data over the fiber, at a line rate expressed by its frequency f. The bit period of
the input signal is, therefore, T = 1/1.

e The local clock is a sinusoidal signal with frequency f; (nominal rate) and the
bit period at the local clock time reference is T, = 1/f,.

e The frequency offset between clock local frequency and the line rate of the
arriving frame is Af = f — f;. Af is inside the tolerance of 10GE PHY .

e The asynchronous arrival of the input frame implies an initial time misalignment
At, between the local clock and the arriving pulse train.

Recall that the time misalignment At is defined as the temporal difference between the
center (central position) of the first bit and the maximum of the local clock sinusoidal
signal. If there is no frequency offset (Af = 0, retiming only), all pulses in the frame
will have the same time misalignment At = At; . However, if there is frequency offset
(Af # 0), the time misalignment will differ for each pulse in the same frame.

Let At,, represent the time misalignment of the center of the n™ pulse (bit) in relation to
the maximum of the sinusoidal clock at the n™ clock cycle. Successive pulses will have
the time misalignment (difference between the time position of the center of the input
pulse and the maximum of the local sinusoidal clock) varying with the difference be-
tween the bit periods of the local clock (T},) and the arriving signal (T), AT = T —T;.
Then, At,, can be expressed according to Eq. 4.1 [27].

At, = Aty + (n— DAT (4.1)
For each input pulse where |At,| < At,, (operational range defined in Eq. 3.15), the
time misalignment of the output pulse will be adjusted to the central position (At~0,
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Eq. 3.17). This is shown in Figure 4-2 (a) for f <f (Af>0). Inthiscase, T. > T, AT is
negative and the pulse position will travel to the left of the central position at each suc-
cessive pulse. If f_ > f (Af < 0), as shown in Figure 4-2 (b), AT is positive, and the pulse

position will travel to the right of the central position at each successive pulse.
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Figure 4-2: Operational principle of synchronization, retiming and format-conversion

unit

As the device operates in a bit-by-bit (pulse-per-pulse) basis, we have the following

operational characteristics of the FRS-unit (JAti| < Atp, fori=0, 1, ...

, N):

Format Conversion: NRZ-RZ format conversion is performed through the

MZM operation (Section 3.1). Format conversion is enhanced by the pulse com-
pression provided by the time-lens (see FWHM analysis of output pulses in Sec-

tion 3.5.2).

Retiming: For each successive input pulse, the time-misalignment to the local

clock signal will be cancelled by the device (At ~ 0), i.e., each output pulse is
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equally retimed to the maximum of the sinusoidal local clock (see At analysis in
Section 3.5.2).

e Synchronization: For sufficient small frequency differences, the time-
misalignment wandering will also be cancelled, as each individual pulse is time-
locked to the maximum of the local clock signal, which means that the input
pulse train will be synchronized to the local clock frequency. Output pulses will
present themselves at a bit rate equal to the local clock frequency. Thus, the de-
vice eliminates the frequency offset between the line signal bit rate and the local
clock frequency.

Note that, for each pulse where At = 0, the variation of At presents itself as timing jitter,
which should be clearly visible in the eye-diagram of output pulses. Indeed, we expect
the peak-to-peak timing jitter to be approximated by the difference between the
At (time misalignment of the first output pulse) and Art, (time misalignment of the n™"
output pulse).

4.1.1 Maximum Frame Size

In this Section, the maximum number of bits in the same frame is derived (Nmax, Maxi-
mum frame size) [56], in the presence of frequency offset (Af = 0) that can be processed
by the FRS-unit. The operational condition is expressed in Eq. 3.15. Note that in order
for this equation always to hold, we are assuming that the initial time misalignment is
Aty = Atoy and the time misalignment of the last bit is At, = —Atyp, for Af > 0, while
Aty = —Atgp and Aty = Atgp, for Af < 0. This assures that we allow a total time misalign-
ment variation of 2At,,, where |AT| is the amount of variation contributed by each bit in
the same frame. Therefore, the maximum number of bits processed in both cases can be
expressed as shown in Eq. 4.2.

Mmar = 20 |AT| + 1 (4.2)

From Eq. 4.2, it is readily derive the maximum number of bits that can be processed by
the FRS-unit, using operational range definitions described in Section 3.5.2, under ex-
treme conditions (maximum frequency offset) for the 10G Ethernet 10GBASE-R stand-
ard. 10GBASE-R devices transmits data using NRZ at a line rate of 10.3125 Gbit/s
(TL = 97ps) and allows for a frequency offset of up to |1 MHz| (|AT| ~ 9.4fs). Results are
shown in Table 4-1.

Table 4-1: Max. Number of bits that can be processed by FRS-unit (L0GBASE-R)
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At,, (see Section 3.5.2) Mmax
Atop=9T7/50 3711
Atop=1177/50 4536

Atop=T7/4 5154

The same way, we can derive the maximum number of bits that can be processed by the
FRS-unit, using operational range definitions described in Section 3.5.2, under extreme
conditions (maximum frequency offset) for the 10G Ethernet 10GBASE-W standard.
10GBASE-W devices transmit data using NRZ at a line rate of 10.3.125 Gbit/s (T, =
97ps) and allows for a frequency offset of up to [200 kHz| (|AT| ~ 1.88fs). Results are
shown in Table 4-2.

Table 4-2: Max. Number of bits that can be processed by FRS-unit (L0GBASE-W)

At,, (see Section 3.5.2) Pomax
Atop=9T7/50 18562
Atop=11T7/50 22687

Atop=T1/4 25780

From Table 4-1, we can conclude that for Af = £1 MHz the FRS-unit is able to process
correctly packets with sizes as large as 4 kbits (considering Ato,= 11T./50). This result
is encouraging as the simple device can process such long frames.

From Table 4-2, we can conclude that for Af = +200 kHz, a full-sized Ethernet frame
(12144 bits) can be correctly processed by the FRS-unit.

4.1.2 ldeal Initial Time Misalignment

In this section we aim at deriving the best initial time-misalignment for a given frequen-
cy offset (Af) and frame size (n). The idea here is to maintain the time misalignment for
each bit in the frame as closer as possible to the central position where At = 0. This is
obtained when At; and At, are equally distant from the central position or simply
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At]_ =— Atn.
Replacing At, as in Eq. 4.1, we have the ideal initial time misalignment expressed in Eq.
4.3:

Atl(best) = (1 — H)AT/Z (43)

Note that Atypest IS positive for Af > 0 (fu < f) and negative for Af <0 (f_ > f).

4.2 Analysis of FRS-unit: Numerical Simulations

In this section we show numerical experiments for evaluating the FRS-unit, in the pres-
ence of frequency offset. Once again, all simulations were done with VPI Transmission
Maker GUI Version 8.6 (Build: 284). We are using the same setup and VPI scheme of
Figure 3-14 for these analyses (we are not repeating the figure here), except from that
we make f =f, in order to allow the occurrence of a frequency offset (Af = 0).

For each case, we are evaluating the synchronization of the output RZ pulses to the local
clock, for different frequency offset of Af = £1 MHz and Af = £200 kHz. This is evalu-
ated for different input frame sizes (i.e., n = 1024; 2048; 4096; 6144; and 12144 bits). In
all cases, we have evaluated the operational conditions of the circuit with the following
initial time misalignments:

(@) For Af>0:

o At;= Aty

o Aty = Atyest) (@S Shown by Eq. 4.3) and

o Aty = —Atgp — (n — 1)AT (in this case, we assume that At, = —Ato, and we obtain
Aty using Eq. 4.1).

(b) For Af<O0:

o Ati=-Atyp

o Aty = Atypesr (as shown by Eqg. 4.3) and

o Aty = Aty — (N — 1)AT (in this case, we assume that At, = Aty and we obtain Aty
using Eq. 4.1).

We are using the following measures:

o Eye diagram visualization: eye diagrams were generated using Matlab.
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e Electrical spectrum visualization: measurement of frequency components for the
output signal, which should have a clear maximum at f_. Measurements were
made both with Matlab and VPI.

e Peak-to-peak timing jitter: timing jitter was measured with Matlab.

Table 4-3 describes the parameters of the numerical simulation experiments.

Table 4-3: Best Initial Time Misalignment, NRZ

FRS-unit setup

Format of input signal

Pulse Carver + Time-lens NRZ 0.25T, (T /4)

Af N Aty = Aty Aty = Atypest) Aty = +Atop—(n-1)AT

1 MHz 1024 0.25T_ (T /4) 0.0512T, —0.1476T,
2048 0.25T_ (T /4) 0.1024T, —0.0452T,
4096 0.25T_ (T /4) 0.2048T, 0.1596T,
6144 out of range (n > nmax) (Eq. 4.2)
12208* out of range (n > nmax) (Eq. 4.2)

200 kHz | 1024 0.25T_ (T /4) 0.01024T, —0.2295T,
2048 0.25T_ (T /4) 0.02048T, —0.2090T,
4096 0.25T_ (T /4) 0.04096T, —-0.1681T,
6144 0.25T, (T /4) 0.06144T, —-0.1271T,
12208* 0.25T_ (T /4) 0.12208T. —0.0058T,

—1 MHz 1024 —0.25T, (-T./4) -0.0512T, 0.1476T,
2048 —0.25T, (-T./4) —-0.1024T, 0.0452T,
4096 —0.25T, (-T /4) —0.2048T, —0.1596T,
6144 out of range (n > nmax) (Eq. 4.2)
12208* out of range (n > nmax) (Eq. 4.2)

—200 kHz | 1024 —0.25T, (-T./4) —-0.01024T, 0.2295T,
2048 —0.25T, (-T /4) —0.02048T, 0.2090T,
4096 —0.25T, (-T /4) —0.04096T, 0.1681T,
6144 —0.25T, (-T./4) —0.06144T, 0.1271T,
12208* —0.25T, (-T./4) —0.12208T, 0.0058T,

* full-sized Ethernet frames

The results of representative simulation experiments are shown in the next pages. We
omit some of the tested cases (complete tested cases are represented in Table 4-3), for
space limitation reasons.

A. Af=-200 kHz, 12208 bits (full-sized Ethernet frame)
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Setup: NRZ, Pulse Carver + Time-lens

Input signal: NRZ coding; 2’ — 1 PRBS; 12144 bits; bit rate /= 10 Gbps
Local Clock signal: frequency: 9.9998 GHz (Af'= 200 kHz)
Initial time misalignments:
(a) Aty = Aty, = 0.25T;
(b) Aty = Aty (pesty = 0.1220877,
(c) Aty =—Aty, — (n— 1)AT =-0.0058T,
Measurements:
o eye diagram (Figure 4-3)
o electrical spectrum (Figure 4-4)

o peak-to-peak timing jitter (Figure 4-5)
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Eye Diagram
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Figure 4-3: Eye diagram (oscilloscope triggered with local clock, f, =9.9998 GHz)
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Figure 4-5: Peak-to-peak timing jitter

In Figure 4-3 (a) and (c) the eye diagram refers to the operation of the circuit nearby its
operational range. In (a), there are clear asymetrical “bump” at the low level (0’ bits),
which appears to the right of the ‘0’ to ‘1’ transition, i.e. at t = 28ps and t = 128 ps,
while in (c) the “bump” appear to the left of the ‘1’ to ‘0’ transitions, i.e. at t = 72 ps
and t = 172 ps. This asymmetry is due to the processing of the input pulses with At close
to (a) Aty and (c) —Atop, respectively. The assymmtry does not appears in Figure 4-3
(b), where the input pulses are processed in the device with At close to 0 (central posi-
tion).

Spectra shown in Figure 4-4 (a)(b)(c) are similar to each other. Proper operation of the
synchronization function is demonstrated by the clear peak at the local clock frequency,
i.e. 9.9998 GHz.

Figure 4-5 shows that timing jitter is varying from 1.5 ps to 1.7 ps, which also demon-
strates the proper operation of the circuit.
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B. Af=-1 MHz, 1024 bits

Setup: NRZ, Pulse Carver + Time-lens

Input signal: NRZ coding; 2’ — 1 PRBS; 1024 bits; bit rate /= 10 Gbps
Local Clock signal: frequency: 10.001 GHz (Af=- 1 MHz)
Initial time misalignments:
(@) Aty =—Atop =—0.25T;
(b) At} = Aty (pesyy = —0.05127;
(c) Aty = Aty — (n— 1)AT =0.1476T;,
Measurements:
o eye diagram (Figure 4-6)
o electrical spectrum (Figure 4-7)

o peak-to-peak timing jitter (Figure 4-8)
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Eye Diagram
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Figure 4-6: Eye diagram (oscilloscope trigged with local clock, f. = 10.001 GHz)
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Figure 4-7: Electrical spectrum
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Figure 4-8: Peak-to-peak timing jitter

In Figure 4-6, it is also possible to observe the clear eye for the output retimed and syn-
chronized RZ pulses. Once again, the eye is most clear in Figure 4-6(b) (At est)), as for
this initial time misalignment the pulses in the frame are processed in the circuit with an
induced chirp that is more close to the ideal chirp, which is linear in relation to the time
misalignment. In Figure 4-6(a), the bits in the beginning of the frame are processed with
a chirp that is in the threshold of the operational range of the circuit, while in Figure 4-6
(c), the same happens with the bits that are in in end of the frame. Therefore, the small
deviation of the chirp experimented by these bits from the ideal chirp, i.e. the deviation
of the chirp from the linear condition, results in a small degradation of the eye diagram.
This is shown as assymetrical “bumps” at the low level (bit 0). In (a), the “bump” ap-
pears to the left of the ‘1’ to ‘0’ transition, i.e. at t = 78ps and t = 178 ps, while in (c) the
“bump” appear to the right of the ‘0’ to ‘1’ transition, i.e. at t = 32 ps and t = 372 ps.
This asymmetry is due to the processing of the input pulses with At close to (a) —Atop
and (c) Atyp, respectively. The assymmtry does not appears in Figure 4-6 (b), where the
input pulses are processed in the device with At close to 0 (central position).

In Figure 4-7(a) (b) and (c), we can observe the clear electrical spectrum peak at the
local clock frequency (f. = 10.001 GHz), showing that the synchronization of the pulses
to the local clock have performed correctly. The spectra in Figure 4-7 are sharper than
those in Figure 4-4 because the number of bits processed in the optical circuit is consid-
erably smaller here.

Finally, in Figure 4-8, we can see that the peak-to-peak timing jitter is below 1.4ps for
all cases, resting below 1.0ps for the best initial time misalignment (At; gesty = —
0.0512T)).
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We can conclude from the figures that the FRS-unit is correctly performing the format
conversion, retiming and synchronization in all cases analyzed in the simulations. The
simulation (B) above demonstrates the operation of the proposed scheme for frames up
to 1024 bits and frequency offset |Af| < 1 MHz.

Now, let us consider the maximum frequency offset modulus with larger frames.

C. Af =-1 MHz, 4096 bits

Setup: NRZ, Pulse Carver + Time-lens
e Input signal: NRZ coding; 2” — 1 PRBS; 4096 bits; bit rate /= 10 Gbps
e Local Clock signal: frequency: 10.001 GHz (Af=—-1 MHz)
e Initial time misalignments:
(a) Aty = —Atop, =—0.25T;
(b) At; = Aty (pesyy = —0.20487;
(c) Aty = Atop + (n— 1)AT =-0.1596T;
e Measurements:
o eye diagram (Figure 4-9)
o electrical spectrum (Figure 4-10)

o peak-to-peak timing jitter (Figure 4-11)
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Figure 4-9: Eye diagram (oscilloscope trigged with local clock, f, =10.001 GHz)
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Figure 4-10: Electrical spectrum
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Figure 4-11: peak-to-peak timing jitter

In Figure 4-9, it is again possible to observe the clear eye for the output retimed and
synchronized RZ pulses. The eye is most clear in Figure 4-9(b) (Aty est)), as for this
initial time misalignment the pulses in the frame are processed in the circuit with an
induced chirp that is more close to the ideal chirp, which is linear in relation to the time
misalignment. In Figure 4-9(a), the bits in the beginning of the frame are processed with
a chirp that is in the threshold of the operational range of the circuit, while in Figure 4-9
(c), the same happens with the bits that are in in end of the frame. Therefore, the small
deviation of the chirp experimented by these bits from the ideal chirp, i.e. the deviation
of the chirp from the linear condition, results in a small degradation of the eye diagram.
Note also that the larger frame size makes the eye-diagram line more spread than those
shown in Figure 4-6. This is due to a larger number of bits being processed by the chirp
unit in the range where the linear approximation is less accurate.

In Figure 4-10(a) (b) and (c), the clear electrical spectrum peak at the local clock fre-
quency (f. = 10.001 GHz), showing that the synchronization of the pulses to the local
clock have performed correctly.

Finally, in Figure 4-11, the peak-to-peak timing jitter is below 1.7ps for all cases, rest-
ing below 1.5ps for the best initial time misalignment
(At]_(bes[) = 702048T|_)

The conclusion from the figures is that the FRS-unit is correctly performing the format
conversion, retiming and synchronization in all cases analyzed in the simulations. The
simulation (C) above demonstrates the operation of the proposed scheme for frames up
to 4096 bits, even when there is a maximum frequency offset, i.e. | Af| <1 MHz.
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Summarazing the conclusion from these numerical simulations:

Numerical Simulation Conclusions:

e It has been demonstrated by numerical simulation that a full-sized Ether-
net frame (12144 bits) can be synchronized by the FRS-unit for  |Af| =
200 kHz (i.e., 10GBASE-W conditions). In this case, rms timing jitter of
output pulses is approximately 1.49ps, as shown in Figure 4-5.

e It has been numerically demonstrated that the FRS-unit is able synchro-
nize frame with sizes of 4096 bits |Af| <1 MHz (i.e., 10GBASE-R condi-
tions). In this case, rms timing jitter of output pulses is approximately
1.41 ps (for best initial time misalignment At; = Aty (est)), @S Shown in
Figure 4-5.

4.3 Analysis of FRS-unit: Experimental Evaluation

In this section we present the experimental evaluation of the FRS-unit, in the presence
of frequency offset Af = 0. The results shown in this sections have been presented in
some recent papers published during the development of this thesis [27, 28, 29, 30, 31].

4.3.1 RZ input signal, Time-lens only

Experimental Setup

We performed a laboratory experiment [27] to validate the applicability of the time-lens
as a synchronization unit for RZ input pulses, in presence of -1 MHz frequency offset.
Frames have size of 1024 bits, which were generated by a 2’~1 pseudorandom bit se-
qguence (PRBS). RZ pulses have 2ps full width half maximum (FWHM). The experi-
mental setup is shown in Figure 4-12.

We used f = 9.9535 GHz, instead of the nominal f = 10.3125 GHz because of the used
laser being bound to this constraint. We do not expect to see any relevant difference in
the number of bits which will be covered due the frequency difference.

In practice, the 1024 bits frame is carved out from a continuous pulse stream by an in-
tensity modulator controlled by an electrical pulse generator just prior to OOK data
modulation. The pulse generator is in sync with the data signal. The OOK modulation is
derived from a bit pattern generator (BPG). Phase modulation is then applied to the data
frame with alignment of At; by an electrical variable time delay. The now chirped data
signal is amplified in an EDFA to compensate for component losses, and subsequently

7
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transmitted through a dispersive medium, in this case a length of dispersion compensat-
ing fiber (600 m).

f=9.9535 GHz

DCF

OBF EDFA EDFA
Ergo X | > Intensity 00K Phase
Laser [TL2X Modulator| |Modulator| | Modulator Rx
0.33 nm

Pulse
f_-9.9545 GHz generator

Dela
Ll y
I

Figure 4-12: Experimental set-up to realize a FRS-unit.

Results

Figure 4-13 presents the experimental eye diagrams, without phase modulator, (a), and
(b) with phase modulator. After the synchronization and retiming, a clear eye diagram
(a) can be seen using the local clock as the trigger, thus clearly demonstrating that the
data frame is now in sync with the local clock. (f.). When the full time lens is employed,
the data is clearly synchronized to the local clock. The leaning edge of synchronized
pulses is caused by a combination of non-linear chirp and patterning effects of the ED-
FA.

NN A
\\/ 4 i

(a) without PM (b) with PM
Figure 4-13: Experimental eye diagrams: (a) without PM and (b) with PM
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Figure 4-14 shows the electrical spectrum of the original (a) and synchronized (b) sig-
nals. We can observe that the maximum frequency peak of the synchronized signal has
been adjusted to f, = 9.9545 GHz.

%0 Original Signal - 9.9535GHz Synched Signal - 9.9545GHz
- pr @ -30} il ]
S -0 l =
2 2 4o} -
2 50} 1 5
S T 501 .
@ -60} ] o
§ 3 6o} i

Q
w -70F . w
% x .70} u i
2 8o} l 2 u u U
3 s 80} 4
© 90} { 2
i 1 1 1 1 _90 1 1 1 1 1
9,940 9,945 9,950 9,955 9,960 9,965 9,940 9,945 9,950 9,955 9,960 9,965
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 4-14: Electrical spectrum: (a) original and (b) synchronized signal

Figure 4.15 shows the rms timing jitter of the synchronized pulses for various frequency
offsets, considering a convenient initial time misalignment (delay) for the reception of
the 1024 bits frames. In laboratory experiments, our available equipment measures rms
timing jitter, instead of peak-to-peak timing jitter. The time-lens-unit allows a timing
jitter bellow 1ps within the frequency offset range of |Af| < 1 MHz.

m  Experimental Analysis
® Simulation Analysis

15 1 L 1 " 1 " 1 N 1
1,0 5 ] [ ] =
©
o
~ [ ] | H E | I | ° [
@ ° oo oo
b=
@
E o054 i
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frequency offset (Hz)

Figure 4-15: rms timing jitter vs. Af
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4.3.2 NRZ input signal, Pulse Carver + Time-lens

In this section, it is demonstrated the operation of the device in full compliance to
10GBASE-W conditions, i.e., frame sizes of 12144 bits and |Af | < 200 kHz [31].

Experimental Setup

ETHERNET FRAME TIMELENS SMF4km

cwW |—D—| vzv B pm H mMzwm |—®—
L R 106 Recever]

: 1555nm 4
=

9.9537 GHz

....................................................

Figure 4-16: Laboratory SETUP [31]

Figure 4-16 shows the experimental setup for the time lens based 10 G Ethernet frame
synchronization. It includes a 10 Gbit/s Ethernet frame generator and a time-lens based
synchronizer, and a 10 Gbit/s receiver.

The external cavity laser emits continuous wave (CW) light at 1555 nm, which is en-
coded by on-off keying (OOK) with a 9.9537 Gbit/s PRBS (2°!-1) signal in a Mach-
Zehnder modulator (MZM). The NRZ-OOK signal passes through another MZM driven
by a square pulse from a pulse generator with duration of 2.8 us and a repetition rate of
100 KHz, which results in a 10 Gbit/s Ethernet packet with the packet size of 28K bits,
as shown in Fig. 1. In order to aggregate several 10 G Ethernet packets into a high-
speed serial optical data stream, each packet has to be synchronized to a master clock.
In this experiment, the Ethernet packet with the repetition rate of 9.9537 Gbit/s needs to
be synchronized to the master clock of 9.9535 GHz.

In the time-lens based synchronizer, the 10 Gbit/s Ethernet packet was launched into a
phase modulator and a cascaded MZM both driven by the master clock of 9.9535 GHz
(200 KHz offset of input clock), and then launched into a 4-km SMF as a dispersive
element. Since the phase modulator is driven by a sinusoidal signal (modulation depth
of 2 m), it generates both positive and negative chirp in one period. The MZM is used to
pulse carve the positively chirped part of the waveform, as described above. The length
of SMF is set according to the temporal focus of the time lens (Eqg. 3.14). At the same
time, the positive chirp introduced by the phase modulator is also compensated by the
SMF, and therefore the NRZ signal can be format converted into a RZ signal with pulse
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compression. Consequently, the input asynchronous NRZ Ethernet packet is converted
into a synchronized RZ Ethernet packet.

In the receiver, the demultiplexed 10 G Ethernet packet is detected by a photodetector
and measured by an oscilloscope and an error analyzer, which are both triggered by the
master clock.

Results

Figure 4-17 shows the electrical power spectrum of the generated 10GE NRZ frame (a)
and of the synchronized RZ signal (b). The peak of the spectral envelope reveals the
shift of the generated frame signal from 9.9557 GHz (a) to the synchronized
9.9535 GHz (b), confirming proper operation (synchronization). The additional peaks in
the spectra are separated by 100 kHz and are due to the frame repetition rate.

T T T T T T T 3 -30

9,9535 9,9537 |

-40 4

dBm

-90

T T T T T T T T T T T
9,9532 9,9534 9,9536 9,9538 9,9533 9,9534 9,9535 09,9536 9,9537 9,9538 9,9539 9,9540
Frequency (GHz) Frequency (GHz)

(a) input signal (f' = 9.9535 GHz) (b) output synchronized signal (f;, = 9.9537 GHz)

Figure 4-17: input (NRZ) and output (RZ) signal power spectrum

Figure 4-18 shows the clear eye diagram for the compressed and synchronized output
RZ pulses, while Figure 4-18 shows the resulting timing jitter
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Figure 4-18: RZ synchronized output pulse (before compression stage)

Conclusions

For the 10GBASE-R standard, which transmits data using NRZ at a line rate of 10.3125
Ghit/s (T = 97ps) and allows for a frequency offset of up to 1IMHz (JAT| ~ 9.4fs), the
FSR-unit operation (format conversion, synchronization and retiming) is demonstrated
with numerical simulations for frame sizes up to 4,096 bits, provided that the initial time
misalignment can be roughly adjusted [27].

For the 10GBASE-W standard, where the frequency offset is limited to Af = £200 kHz,
a full-sized Ethernet frame (12.208 bits) can be correctly processed by the FRS-unit,
provided that the initial time misalignment can be roughly adjusted. This was demon-
strated with numerical simulation and laboratory experiments [28, 29, 31].

The experimental results show the applicability of the FRS-unit for synchronization and
retiming of 10G Ethernet frames in the presence of a frequency offset, with small frame
sizes. These results encourage us to research design workarounds in order to employ the
FRS-unit as a basic building block in the design of a synchronization and retiming
scheme fully compliant with the requirements of all-optical 10G Ethernet frames.
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5

10GB/S ETHERNET-LIKE DATA PACKETS
OTDM MULTIPLEXING

Although an optical fiber is a very broadband medium for information transmission [57,
58, 59] it is currently impossible to modulate the full optical bandwidth at once. An op-
tical signal is initially generated from an electrical data pattern and converted back into
an electrical signal after transmission for the recovery of the transmitted data. As previ-
ously stated, the bandwidth limitation of most electronic and opto-electronic compo-
nents (currently ~ 120GHz) consequently sets the limit on the maximum achievable
optical bit-rate. Current attempts towards achieving maximal information throughput
involve optical multiplexing techniques, including WDM, where the whole optical
bandwidth is broken up into disjoint frequency bands, each of which is modulated sepa-
rately [59] and OTDM, where higher serial transmission bit rates are obtained using a
single optical wavelength by interleaving of narrow RZ pulses [9, 10, 16, 31].

The optical time-division multiplexing (OTDM) technique is a powerful tool that allows
the bandwidth limitation of electronic and opto-electronic components to be overcome
and can significantly increase the transmitted signal bit-rate [60, 61, 62, 63]. While
WDM utilises the frequency domain to increase the overall transmitter capacity, the
OTDM technique uses solely a time domain approach.

In this Chapter we describe the complete design of the conceptual OTMD multiplexer
that is capable of optically multiplexing 10GE-like data frames. In our design, NRZ-RZ
format-conversion, retiming and synchronization of the frame to the local master clock
are performed using the time-lens based FRS-unit described in Chapters 3 and 4. All-
optical OTDM demultiplexer is also implemented using a nonlinear optical loop mirror
(NOLM) device. A complete system containing FSR-unit synchronizer, OTDM MUX
and OTDM DEMUX is implemented and characterized in laboratory. These experi-
ments, reported in Section 5.3, demonstrate back-to-back error free operation of the
proposed scheme.

5.1 OTDM Multiplexing
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The idea behind OTDM is to optically interleave several base-rate data streams in the
time-domain to achieve a larger aggregate bit rate by multiplexing these signals [9, 13,
16, 31, 67, 68, 69, 70,101]. One important prerequisite for an OTDM transmitter is the
use of short return-to-zero (RZ) pulses instead of conventional non-return-to-zero
(NR2Z) pulses to carry the binary signal information [70, 71, 72]. Since the RZ pulse
energy is concentrated within a time window shorter than a bit period [73, 74], the time
separation between the two consecutive data pulses can be efficiently utilised for multi-
plexing multiple streams of data together [9]. Hence, there is a requirement on the pulse
width (i.e. full-width half-maximum). The shorter the pulse width the more data streams
could be potentially multiplexed together. Very narrow (i.e. < 1 ps FWHM) RZ pulses
can be obtained by optical pulse compression, e.g. using a dispersion flat highly nonlin-
ear fiber (DF-HNLF) [based on self-phase modulation (SPM) [16, 76, 77]. The re-
quirement is that the RZ pulse duration should be shorter than the bit period of the ag-
gregated OTDM bit rate, as shown in Eq. 5.1.

RZduty cycle <1 /OTDMbit rate (51)

To multiplex the base-rate RZ signal into a higher-rate OTDM signal several techniques
can be used [13, 16, 78, 79, 80, 81, 86, 98]. In this thesis, we are using a passive OTMD
multiplexer multiplexing several 10GE-like input channels into a single OTDM serial
transmission signal (Figure 1-1: OTDM system multiplexing 10GE input frames). The
design is shown in Figure 5-1, which illustrates a 4x10GE multiplexer (i.e. a 40Gbit/s
OTDM signal). The operation is as follows:

a) 10Ghit/s asynchronous NRZ frames arriving in each input channel are RZ con-
verted, retimed and synchronized to the MUX master clock with a FRS-unit.

b) The resulting synchronous RZ-OOK pulses are further optically compressed in a
HNLF, in order to obtain the required RZ pulse duration (Eg. 5.1).

c) The resulting compressed RZ pulses are temporarily interleaved with respect to
each other by quarter a bit period using an adjustable delay line.

d) RZ-OOK signals are recombined using a passive optical coupler to obtain the
OTDM signal.
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Figure 5-1: OTDM Multiplexing

In order to obtain a higher aggregated bit-rate (e.g. 320, 640Gbit/s), two approaches are
possible:

e An increased number of input channels can be used. In this case, it is necessary
to adjust the optical compression stage (Figure 5-1(b)) and the delay lines
(Figure 5-1(c)). This is the approach used in this thesis.

e Several stages of this simple OTDM multiplexer can be cascaded. In this case,
the compression stage must also be adjusted.

5.2 OTDM Demultiplexing

As shown in Figure 1-1, at the receiver, the OTDM signal is separated into the original
base-rate signal by the demultiplexer. For direct detection, optical demultiplexing is
implemented through cross-phase modulation (XPM) [83] obtained using a highly non-
linear fibre in conjunction with interferometric arrangements [69][87][88][89]. These
include the nonlinear optical loop mirror (NOLM) [88][90][91][93][94], which was the
configuration used in this thesis.

The NOLM-based demultiplexer is shown in Figure 5-2. The operation is as follows

[90].

out NOLM  yain

-
14

ctrl HNLF

Figure 5-2: OTDM Demultiplexing
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The control pulses (ctrl in Figure 5-2) required to demultiplex the OTDM signal (data
in Figure 5-2) is obtained by optical clock extracting directly from the data signal. The
base-rate extracted clock signal is amplified, filtered and injected into the NOLM. With-
in the NOLM, the OTDM signal is split into two signals propagating clockwise (CW)
and counter-clockwise (CCW) [83, 85]. The target channel of the CCW propagating
OTDM signal is co-propagating with the high power control pulse and thus accumulates
a nonlinear phase shift induced by XPM. After propagation through the entire loop, the
two signals are recombined in the coupler. The control signal can be optimized in order
to allow the target channel to experience constructive interference at the output port (out
in Figure 5-2) of the NOLM. In this case, the NOLM acts like an optical gate and the
channel is demultiplexed [90].

5.3 Laboratory Experiments

We have performed laboratory experiments to demonstrate the operation of the pro-
posed OTDM MUX-DEMUX, described in the last Sections. Our goal is to demonstrate
inline “add” (i.e. multiplexing a single 10GE-like input channel into a vacant time-slot
of an OTDM signal) and “drop” (i.e. demultiplexing the same channel out of the aggre-
gated OTDM signal). We report back-to-back bit error rate (BER) analysis (i.e. consid-
ering the digital signal generated in the binary pattern generation and the signal received
and decoded in the output of the demultiplexer).

Figure 5-3 shows the experimental setup for the time-lens based 10G Ethernet frame
synchronization and the multiplexing with 32 other 10 Gbit/s channels. It includes a
10 G Ethernet frame generator, a FRS-unit (time-lens synchronizer), a 320 Gbit/s
OTDM RZ-OOK transmitter, multiplexing stages, a NOLM based OTDM demultiplex-
er and a 10 Gbit/s receiver. The external cavity laser emits continuous wave (CW) light
at 1,555 nm, which is encoded by on-off keying (OOK) with f Gbit/s PRBS (2*!-1) sig-
nal in a Mach-Zehnder modulator (MZM). The NRZ-OOK signal passes through anoth-
er MZM driven by a square pulse from a pulse generator (frame generator) and repeti-
tion rate of 100 kHz. This module is used to generate the frames.

Two configurations were performed in order to demonstrate the operation of the pro-
posed scheme:

e Square pulse of the frame generator with duration of 2.8 us (frame size of 28
kbits) and 200 kHz frequency offset (i.e. f = 9.9537 Gbit/s).

e Square pulse of the frame generator with duration of 4 us (frame size of 40
kbits) and 100 kHz frequency offset (i.e. f = 9.9536 Gbit/s)
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The generated signal is illustrated in Figure 5-4, where Figure 5-4(a) shows the NRZ-
OOK pulses and Figure 5-4(b) shows the complete frame (28 kbits per frame and 100
kHz repetition rate). In order to aggregate several 10 Gbit/s Ethernet packets into a
high-speed serial optical data stream, each packet has to be synchronized to a master
clock. In this experiment, the Ethernet packet with the repetition rate of 9.9537 Gbit/s
needs to be synchronized to the master clock of 9.9535 GHz, which results in a frequen-
cy offset of 200 kHz (i.e. extreme offset tolerated in 10GBASE-W standard [17, 91, 92].

: ETHERNET FRAME FRS-unit SV dian 2 BGoR BiNiF fitig:
[Cew HMZMI—D—lMZMH—LPM H mzm ]
: A ] 5

@ m BPG \ / ) . ...............................
....... 9.9537GHz . .. . 9.9535Gb/s oata = 10G Receiver
........... T B oS S

(1 vacant ti meéjot)

HNLF

:15420m  ~

: OO0
Control

Figure 5-3: Laboratory experiment setup

(a) NRZ-OOK pulses (b) 28 kbit frame

Figure 5-4: Input channel 10GE-like signal

In the FRS-unit (synchronizer), the 10 G Ethernet packet was launched into a phase
modulator and a cascaded MZM both driven by the master clock of 9.9535 GHz
(200 kHz offset of input clock), and then launched into a 4-km SMF as a dispersive el-
ement. Since the phase modulator is driven by a sinusoidal signal (modulation depth of
2m), it generates both positive and negative chirp in one period. The MZM is used to
pulse carve the positively chirped part of the waveform, as described in Chapter 3. The
length of SMF is set according to the temporal focus of the time lens (Eq. 3.14). At the
same time, the positive chirp introduced by the phase modulator is also compensated by
the SMF, and therefore the NRZ signal can be format converted into a RZ signal with
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pulse compression. Consequently, the input asynchronous NRZ Ethernet frame is con-
verted into a synchronized RZ Ethernet frame. The converted RZ signal is amplified in
a high-power EDFA and compressed to 800 fs in 800 m of a dispersion flat highly non-
linear fiber (DF-HNLF) [95] based on self-phase modulation (SPM).

The 330 Gbhit/s RZ-OOK transmitter consists of a pulse source, a pulse compressor, an
OOK modulator and a multiplexing stage. The pulse source is an erbium glass oscillat-
ing pulse-generating laser (ERGO-PGL), which produces pulses at 1,542 nm with a
repetition rate of 9.9535 GHz. The pulses were compressed to 1 ps and wavelength con-
verted to 1,555 nm in another 400-m DF-HNLF. The compressed pulses were encoded
with an OOK signal with a 9.9535 Gbit/s PRBS (2*!-1) signal in a Mach-Zehnder
modulator. The 10 Gbit/s signal synchronized with the master clock is multiplexed in
time to 320 Gbit/s using a passive fiber-delay multiplexer (MUX x32) with an empty
time slot. Since the NRZ Ethernet packet has been synchronized to the master clock,
format converted to the RZ packet, and compressed into short pulses, therefore, it can
be time division multiplexed with the 320 Gbit/s OTDM signal in the MUX stage, thus
aggregated into a 330 Gbit/s serial data stream.

In the receiver, which is also synchronized to the master clock, a nonlinear optical loop
mirror (NOLM) is used to demultiplex the 10 G Ethernet packet from the 330 Gbit/s
serial data stream. The NOLM operation is based on cross-phase modulation (XPM) in
a 50m HNLF. The control pulse is at 1,535 nm and has a pulse width of 3 ps. Finally,
the demultiplexed 10 G Ethernet packet is detected by a photodetector and measured by
an oscilloscope and an error analyzer, which are both triggered by the master clock.

5.4 Results

Figure 5-5 shows (a) the eye-diagram of the synchronized (FRS-unit), compressed and
time-delayed RZ-OOK pulse (right before the optical coupler in the multiplexer); (b) the
eye diagrams for the 320 Gbit/s OTDM signal plus one vacant time slot and (c) the ag-
gregated 330 Gbit/s serial OTDM signal, when the oscilloscope is triggered by the mas-
ter clock (9.9535 GHz). The clear eye diagram shown in Figure 5-5(a) indicates the
frame has been synchronized to the master clock. Figure 5-5(c) shows that the 10 G
Ethernet frame is successfully synchronized and correctly positioned into a time slot in
the 330 Gbit/s serial signal.

Figure 5-6 shows part of the electrical power spectrum of the signal of the generated
frame pulses (a) and the compressed and retimed pulses (b). The peak of the spectral
envelope reveals the shift of the generated frame signal from 9.9557 GHz (Figure 5-6
(a)) to the retimed 9.9535 GHz (Figure 5-6 (b)), confirming proper operation.
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Figure 5-7 shows the eye diagram of the demultiplexed pulses for (a) 28 kbits sized
frames (Af = 200 kHz) and (b) 40 kbits sized frame (Af = 100 kHz).

Finally, Figure 5-8 shows the measured error-free (BER<10-9) BER curves in two con-
figurations (28 kbit sized frame (Af = 200 kHz) and 40 kbit sized frame (Af = 100 kHz)).
The error counter needs frames of 40 kbits size to count errors to BER of ~10”°, but the
synchronization and error detection for frames of 28 kbits size with 200 kHz offset is
also successful, though measurements are limited to BER of ~10°°.

The demultiplexed eye diagrams are clear and open in both the 28 and 40 kbits frame
cases, corroborating successful sync and NRZ-RZ conversion as well as multiplexing
and demultiplexing. The BER curves show less than 10° BER for the 40 Kbits frames,
thus quantitatively confirming proper operation of this proposed scheme. There is only
about 0.5 dB difference between the 28 and 40 Kbits frame cases, and the BER slopes
are the same. There is only ~1 dB penalty from the back-to-back to the sync-NRZ-RZ
case, and an additional ~3 dB penalty for MUX/DEMUX.
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Figure 5-5: Eye diagrams of the experiment



10Gb/s Ethernet-like data packets OTDM Multiplexing

'30 L T T T T T T T r
] -—— 9,9537
-40- )
-50 -
£ -60- |
o0
T .70 -
w0l | A
-QOWW M
90,9534 9,9536 9,9538  9,9540
Frequency (GHz)
(a) generated 10GE frame pulses
20 ; 9,9535
-30 - i
-40
-50 1
E 0.
5 601 |
T .70/ _
0 o o 1 L
=90 -

99532 99534 99536 9.,9538
Frequency (GHz)

(b) synchronized and compressed 10GE frame pulses
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Figure 5-7: Eye diagram of the demultiplexed pulses
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Figure 5-8: BER measurements

5.5 Conclusions

10 Ghit/s frames (10GE-like frames) containing 28 Kbits (Af = 200 kHz) 40 Kbit sized
frame (Af = 100 kHz) were successfully synchronized to a local clock and then multi-
plexed into a vacant OTDM time slot of a 330 Gbit/s OTDM data signal, using a pas-
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sive optical coupler (passive multiplexing/“add” operation). The multiplexed signal was
demultiplexed with a NOLM demultiplexer (all optical demultiplexing/“drop” opera-
tion) and BER analysis were performed, demonstration error-free back-to-back opera-
tion.

We have successfully demonstrated the combined operations of 1) synchronizing an
asynchronous Ethernet frame to a local master clock using the FRS-unit proposed in this
thesis, 2) optical multiplexing (“add” operation) in time with an OOK single polariza-
tion and single wavelength optical TDM data signal of 330 Gbit/s.

Similar setups have recently been successfully implemented, demonstrating the applica-
bility of the proposed schemes in obtaining even higher rates in a serial OTDM link.
Example of such experiments is [101], where an asynchronous 10 Gb/s Ethernet packet
with maximum packet size of 1518 bytes is synchronized and retimed to a master clock
with 200 kHz frequency offset using a time lens, then further pulse compressed to a
FWHM of 400 fs and finally time-division multiplexed with a serial 1.28 Th/s signal
including a vacant time slot, thus forming a 1.29 Th/s time-division multiplexed serial
signal.
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CONCLUSION

In this thesis we have proposed a new OTDM multiplexing scheme that is able to ag-
gregate several 10 Gbit/s Ethernet channels into a single serial data link, using single
wavelength and single polarization. The main challenge in the design process relates to
the asynchronous nature of 10G Ethernet, which also requires terminal equipment to
support frequency offset tolerance.

It is considered, as design requirements, the 10GBASE-R and 10GBASE-W PHY speci-
fications, which require support for ~1 MHz and ~200 kHz frequency offset, respective-
ly. In order to cope with the asynchronous nature of 10Gbit/s, we have designed, a time-
lens based NRZ-RZ format conversion, retiming and synchronization unit (FRS-unit),
which were analytically evaluated and whose operational conditions were demonstrated
through both, numerical simulations and laboratory experiments. This simple device
was successfully used to synchronize 10GE-like frames to the local master clock of the
OTDM multiplexing system.

The operational conditions of FRS-unit found in this research shows that for the
10GBASE-W standard (] Af | < 200 kHz) a full-sized Ethernet frame (i.e. 1,518 bytes)
could be readily synchronized with the proposed FRS-unit, provided that the initial time
misalignment can be roughly adjusted. In the case of the 10GBASE-R standard, we
were able to synchronize up to 4kbits in the same frame, under extreme frequency offset
conditions (i.e. | Af | =1 MHz). This result is very encouraging, as such a simple device
can be used to optically process and synchronize long 10GE-like frames.

The OTDM multiplexer is conceived as a simple all-optical device implemented by
combining optical pulse compression, passive optical time delay, and a passive optical
coupler. The OTDM demultiplexer was designed as a NOLM-based optical gate [97,
98]. Back-to-back error free (BER < 10°°) operation was demonstrated for the complete
FRS-unit synchronizer + MUX + DEMUX scheme, using a “add”/“drop” implementa-
tion for a single 10GE input channel inside a 330 Gbit/s OTDM aggregated serial link.

All the devices described in the experiments can be easily implemented using commer-
cially available optical system components.



Conclusion

As the operation of multiplexing have been successfully demonstrated in higher (Thit/s)
rates it is believe that the results described in this Chapter can be readily scaled to high-
er OTDM data signal rates (i.e. Thit/s rates). Therefore, the presented scheme shows
great promise for future Thit/s Ethernet solutions [99] based on Optical TDM.

6.1 Future Work

Following, we present some of the immediate extensions of the research work presented
in this thesis:

Design of a synchronizer device that is able to cope with complete
10GBASE-R conditions (i.e. synchronization of a full-sized Ethernet frame
at | Af | = 1 MHz). Preliminary evaluation and numerical simulation have
shown that it is possible to use the basic FRS-unit described in this thesis as
a building block for a 10GE Synchronizer, fully compliant with 10GBASE-
R conditions.

Design and experimentation of the proposed OTDM MUX/DEMUX using
higher rates (i.e. Thit/s). This is viewed as a direct extension of the current
results presented in this thesis as this type of multiplexer have been success-
fully implemented and demonstrated for OTDM rates that surpass 2Thit/s,
without the synchronization stages (i.e. for already-synchronous input chan-
nels).

Design of all-optical switch that is able to implement aggregation of traffic
originated from different 10GE links into higher capacity channels (OTDM
channels), while also being able to optically commute frames into different
source-destination paths. The proposed scheme could be used as a basic de-
sign for such all-optical switch, to which additional optical signaling (i.e.
network path ID and addressing) and optical switching capabilities should be
added, together with layer-2 (e.g. MPLS functionality).
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ACRONYMS

BER: Bit Error Ratio

CD: Chromatic Dispersion

CSMA/CD: Carrier Sense Multiple Access with Collision Detection
CW: Continuous Wave

DCF: Dispersion Compensating Fiber

DF-HNLF: Dispersion Flattened Highly Nonlinear Fiber
DGD: Differential Group Delay

DWDM: Dense Wavelength Division Multiplexing
EDFA: Erbium Doped Fiber Amplifier

FWHM: Full Width at Half Maximum

FWM: Four Wave Mixing

GBd: Giga Baud

GVD: Group Velocity Dispersion

HNLF: Highly Nonlinear Fiber

IM: Intensity Modulator

ISI: Inter Symbol Interference

LO: Local Oscillator

NRZ: Non Return to Zero

OBPF: Optical Bandpass Filter

OFT: Optical Fourier Transform

OMUX: Optical Multiplexer

OOK: On-Off Keying

OSNR: Optical Signal to Noise Ratio

OTDM: Optical Time Division Multiplexing

PM: Phase Modulator

PMD: Polarization Mode Dispersion

PolMUX: Polarization Multiplexing

RZ: Return to Zero



Acronyms

SMF: Single Mode Fiber

SPM: Self-Phase Modulation

TBd: Tera Baud

TDM: Time Division Multiplexing

WAN: Wide Area Network

WDM: Wavelength Division Multiplexing
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