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Introduction

Ethernet is becoming the most popular packet transport technology and is steadily
increasing its bit rate. From today’s 10GbE, optical standardization work will next
deliver specifications for 40GbE and 100GbE. Standards will enable product
interoperability and provide a larger market for vendors, resulting in a potentially lower

price and wider adoption.

The main driver for 100GbE is higher aggregate capacity needed for multiple
services, e.g. IPTV, or VoD, in the edge and aggregation networks. The high
bandwidth requirements of services may change traffic patterns and may require

distributing some network functions closer to the edge or end user.

High speed interfaces will reduce cost per bit and improve operational efficiency by

simplifying node design and reducing the number of wavelengths to be managed.

The 100GbE physical interface will have an impact on network transformation with the
aim of minimizing architectural changes in transport layering. Within the transport
network, the 100GbE interfaces will be carried as nominally 100Gbps, the exact Gbps

rate varying with detailed application.

100Gbps can be adopted and deployed in the optical network in different ways
depending on the particular services required. It can be expected that 100Gbps will

coexist with 40Gbps or 10Gbps in the same network.

Advanced modulation formats on the physical line interface will likely provide similar
optical performance to current 10G networks. Selection of the modulation technique
needs to take into account the network’s configuration, required optical performance,
and the maturity of cost-optimized technologies, such as advanced CMOS

technology.
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Drivers and requirements for 100GbE

100Gb Ethernet will play a key role in the connectivity of a multi-service network,
transporting traffic between high capacity switches and routers without drastically
changing the overall network architecture

The significant growth of IP-based traffic in broadband access networks,
enterprise/server networks, provider networks, and optical transport networks is

doubling the Internet backbone bandwidth every 12 to 18 months [1].

The carrier backbone bandwidth growth is triggered by a wide range of services for
residential, mobile, and enterprise subscribers. The introduction of triple-play
services, where Internet applications are bundled by Internet Service Providers (ISP),
has increased the demand for more bandwidth for applications such as web
browsing, on-line-gaming, voice-over-1P, as well as interactive and personalized high-

definition TV services: IPTV, VoD, video conferencing.

The demand is further fueled by increased broadband penetration in the network, as
well as the availability of additional mobile broadband access methods such as WiFi,
WIMAX, High Speed Packet Access (HSPA), and soon, 3G Long Term Evolution
(LTE). The convergence of fixed and mobile networks to realize the Full Service
Broadband (FSB) architecture [2,3] will further push the need for high speed
interfaces in the aggregation and core network. Virtual (network based) storage is
another service that will likely be required by HD-video users (demanding high

bandwidth for the up-link as well.

The major drivers for more bandwidth in data centers and enterprise computing are
electronic commerce, Internet communication, high-performance computing, and
entertainment content distribution. For these applications, server bandwidth is
growing a little more slowly than core networking and data center aggregation
applications, as shown in Figure 1. The result has been an increase in the number of

physical connections, with all their associated administration problems.
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With increasing dominance of Ethernet services, 100Gbps is the next natural step in
data rate. Today connectivity is mainly provided by 10GE interfaces in carriers’
networks. Although scaling of networks can be realized by multiple parallel 10G
connections, these can suffer from poor efficiency at the packet level as routers
constantly rebalance different length packets onto different interfaces. 100GbE

interfaces and transport will help to ease such scaling problems.
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Figure 1: Network bandwidth growth in relation to Moore's Law for computing in
servers etc. [1]

100GbE transport technology can increase the capacity of optical fibers and therefore
will form an alternative to new fiber deployments, with minimal impact on other
network aspects. The use of 100GbE will provide an opportunity to reduce the
number of types of interface, as well as to reduce network latency and the number of
managed wavelengths. Another factor is the potential to reduce CO, production by a

reduction in the quantity of interfaces.

The first uses for 100GbE will be in high capacity interconnections between switches
and routers, notably at Internet exchanges (IXC), Internet Service Providers (ISP) and
Points of Presence (PoP) for Core routers.
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Impact of the 100Gbps Network

The network will maintain a multi-layer structure during the transition to a packet-
based network for more flexible Ethernet services.

100Gbps Ethernet is a key step for increasing link capacity to transport the increased
traffic demands described earlier and will find applications in most areas of
networking, i.e., local LANs, WANs and IXCs. According to market reports [4], 40G
systems began to be significantly deployed in 2007, while 200GbE is expected to be

generally available from 2010, with some maturity by 2012.
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Figure 2: The ecosystem of supply chains

The ecosystem of the supply and demand is reported in figure 2. In future wide area
networks, public operator networks are expected to remain multi-layered, with a
physical link layer (fiber or radio), a circuit switched layer (e.g., ODUs and/or
wavelengths), and potentially multiple sub-layers providing IP and Ethernet services.
The network architectures are not expected to fundamentally change and will retain
connection-oriented technologies for capacity planning and also ring or mesh

topologies for traffic efficiency.

While there may be a range of different technologies implementing the packet
switched layers, Ethernet will be the main physical interface and the transmission

format for high speed links over wavelengths or directly on fiber.
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Multiplexing and switching at the transport level (ODU level) will remain necessary for
operational flexibility (maintenance and service management) and optimum loading of
the transmission media (wavelengths or fiber). Furthermore OTU encapsulation
provides forward error correction, and the planned modulation schemes support
longer transmission distances and improved spectral efficiency, hence better fiber
use, compared to n x 10Gbps parallel transmission schemes. Flexibility will continue

to be provided by the agility of ROADMs at the wavelength level

There are a number of ways in which 100GbE may be deployed in the network,
depending on a particular operator’s circumstances and infrastructure. Operators
need to evolve from their existing circumstances, and obviously all deployments need
to support some of today’s infrastructure. However, the degree of support depends on
the deployment strategy adopted and will be influenced by economics, which must
include consideration of more than just the optical layer, and an operator’s

expectation and belief in future traffic growth and pattern changes.

100Gbps transport is attractive but challenging to ensure adequate performance. The
bit-error performance of 100Gbps transmission is more susceptible to transmission
impairments and more demanding of the environment in which it operates compared
to 40Gbps transmission. To retain the expected economic advantages, any infill
solution must be limited in complexity and in additional cost. Alternatively new
100GbE systems may be deployed from the start on separate fibers in parallel with
existing WDM line systems, in which case dispersion compensation, amplification,
and regeneration may be engineered to suit the characteristics of the 100GbE
transmission. The location of these components will still be constrained by physical
ducts and manholes. Such systems could multiplex 10Gbps and 40Gbps onto
100Gbps via new transponders in order to replace existing links and free up fiber for

further deployment.

Standardization Efforts

Standards are a crucial prerequisite for the wide acceptance and adoption of 100GbE
technology.

There are three major bodies involved in standardization of 100G technologies: IEEE,
ITU-T, and OIF.
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In response to the growing bandwidth demand described earlier, the IEEE 802.3
Working Group formed a Higher Speed Study Group (HSSG) in July 2006, which
subsequently became the IEEE 802.3ba 40GbE/100GbE Task Force in January
2008. Ericsson is active in this group. The objective is to produce standards for
40GbE and 100GbE rates by mid-2010.

There are different requirements for short-distance Ethernet links in data center and
enterprise networks compared to traffic on the long-distance optical transport
network. Ethernet LAN links usually comprise single-channel point-to-point links,
where cost is dominated by capital expenditures (capex) and the interface therefore
tends to be parallel (ribbon fiber or WDM) to ensure that transceivers are simple and

low-cost.

Initially, both IEEE 40GbE and 100GbE physical media dependent interfaces will be
realized using a parallel physical layer that bonds multiple lanes together through a
striping or fragmentation methodology. Requirements for the physical coding sublayer
(PCS) and the lane bonding protocol include frame delineation, clock transitions,

deskew of multiple-lanes, and support of future lane counts.

To minimize the lane count of the parallel electrical interface between the MAC/PCS
chip and the 100GbE optical module, the interface will be based on high-speed
SerDes technology. The initial choice will be a 10-lane interface running at about
10Gbps per lane, each lane similar to the XFI interface developed for 10GbE. As
CMOS technology evolves, such an interface will become narrower (smaller lane
count) and faster. Currently, the Optical Internetworking Forum (OIF) is developing a
common electrical I/O (CEI) standard for 25Gbps over PCB (CEI-25) that could be
used to carry 100G as 4x 25Gbps interface.

The present objectives of the IEEE 802.3ba Task Force include physical layer
specifications for the optical PMD that supports 100Gbps operation over: (a) At least
40km on single-mode fiber (SMF), (b) at least 10km on SMF, and (c) at least 100m on
OM3 multi-mode fiber (MMF).

For short reach MMF 850-nm, VCSEL transmitters and spatial division multiplexing of
10x10Gbps channels over OM3 ribbon fiber are considered. The application is for

intra-rack and inter-rack interconnections over distances up to 100m.
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The 100GbE physical layer LAN technologies that were approved by the IEEE in late
2008 for SMF applications are 1310nm transmitters using four-channel WDM at
25Gbps on each channel. For the 40km SMF reach, a semiconductor optical amplifier
(SOA) will be needed. The 10km reach LAN SMF application is predominantly for
data centers and enterprise networks, and the 40km reach is for metro Ethernet

aggregation switch interconnections.

However, the above solutions are unlikely to be used for optical transport interfaces,
where optical transmission is instead multi-channel, using dense WDM (DWDM). In
this case there are many serial links on the same fiber, and spectrally efficient
modulation formats are used to allow increased number of transmitted bits over each

optical wavelength.

The transport of 100GbE across metro, regional, and long-haul core networks
requires standards for encapsulation of such client signals. Encapsulation techniques
available are direct Generic Framing Procedure (GFP) and Optical Transport Network
(OTN).

The ITU-T has standardized the OTN to be an optical transport platform for a wide
range of digital client signals. Additionally, OTN provides the benefit of a “digital
wrapper” frame structure for carrier-grade operations, administration, and
maintenance (OAM), forward error correction (FEC) for increased reach and margin,
and protection switching for high availability. Currently, the ITU-T is extending the
OTN hierarchy to accommodate 100GbE, as represented in the reference
architecture in figure 3. In parallel with the development of 100GbE standards in
IEEE, the ITU-T is developing a new optical transport unit, called OTU4, for
transparent transport of 100GbE in a single channel. The agreed total bit rate is
around 112 Gbps, made up by 64B/66B encoding and addition of OTN framing and
FEC, starting from the 100GbE payload.

Figure 3: High-Speed Ethernet (IEEE) over OTN ( ITU-T)
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Key enabling technologies

Advanced modulation formats, next-generation forward error correction and high
speed semiconductor technology are key technologies for 100GbE to leverage on
existing 10G and 40G transmission infrastructure.
Compared to 10Gbps line rates, the transport of 100GbE requires a tenfold increase
of the receive signal to noise ratio, in order to obtain the same bit error performance
when using the same transmission techniques. This comes in conjunction with
increased sensitivity to fiber transmission impairments, including polarization mode

dispersion (factor of ten) and chromatic dispersion (factor of 100).

Parallel DWDM transmission (inverse multiplexing) of four channels at 25Gbps or ten
channels at 10Gbps on the ITU-T wavelength grid can easily retain the optical
performance of today’s 10Gbps networks, but is not as efficient in the use of

spectrum compared with 100Gbps.

The technical criteria for an appropriate 100Gbps transport interface are optical noise
performance, tolerance to fiber transmission impairments, and bandwidth efficiency.
The implementation of advanced modulation formats on the physical line interface is
a promising means to deliver performance similar to that of 10G networking. These
formats will allow the retention of current channel density and will provide

improvements in tolerance to noise and fiber-induced distortions.

Another improvement may be introduced by next generation forward error correction
(FEC). Advanced coding schemes may approach the theoretical limit (so-called
Shannon limit) at the cost of an increase in the signal overhead and corresponding

data rate, possibly beyond that agreed in standards.

Different physical principles will be employed to tailor appropriate high-performance
modulation formats for optimized reach and bandwidth efficiency of the 100GbE

transport interfaces, as represented in figure 4:
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Figure 4: Tools and options for transmission of 100Gbps

Modulation: Phase modulation improves the noise sensitivity tolerance
compared to traditional amplitude modulated schemes. Also more than one bit
may be encoded into one symbol, which improves the bandwidth efficiency of
the format. Quaternary modulation (QPSK or 4-QAM) provides similar noise
performance compared to simple binary phase shift keying, but higher order
formats (e.g., 16-QAM) compromise the reach of the signal, while giving
improved bandwidth efficiency. By reducing required bandwidth, multilevel
modulation schemes are more tolerant to physical impairments (PMD and
CD).

Coherent reception: A longer reach is achieved by using coherent receivers,
and these may also be used to allow electronic compensation for the PMD
and CD. In contrast to pure optical realizations in the early 1990s, advances in
semiconductor technology enable a stable receiver technology, but require
high-speed analog-to-digital conversion followed by advanced digital signal
processing (DSP). Coherent reception is inherently polarization-sensitive, and

it is normally combined with polarization division multiplexing.
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Polarization Division Multiplexing (PDM): The polarization space is used to
halve the signal bandwidth and represents an enabler for narrow channel
spacing. It considerably improves the tolerance against fiber distortions
without direct impact on noise performance. If combined with coherent
reception, polarization de-multiplexing is accomplished in the digital domain by
a DSP. The optical polarization trackers used to de-multiplex the signals are
another valid alternative that provides interworking with 10Gbps and 40Gbps
DPSK or DQPSK transmission.

Multiple carriers: Further benefits are achieved by transmitting multiple
subcarriers on one carrier of higher frequency. As is known from the radio
domain, subcarrier modulation (SCM) applies data on multiple narrow band
subcarriers, giving good spectral efficiency, distortion tolerance, and
resistance to nonlinearity. In an optical implementation, several modulated
subcarriers may be transmitted within a single ITU-T channel, known as multi-
carrier WDM. This moves the implementation effort into the potentially cost-
effective microwave domain. Orthogonal Frequency Division Multiplexing
(OFDM) in the optical layer will be a very bandwidth-efficient version of SCM.
OFDM has a proven feasibility and high spectral density in well-known
applications such as wireless LAN and digital video broadcasting. To adopt
this format for the optical layer, it has to be adapted to the high data rates and

the nonlinear nature of the optical channel.

Electronic distortion compensation (EDC): Digital equalization of transmission
impairments will enhance the robustness of transmission formats when mixing
different data formats. The linear nature of coherent reception schemes allows
the addition of electronic compensation of fiber effects in the DSP. Distortion
can also be compensated in the digital domain for subcarrier and optical
OFDM systems.

The steps in implementing solutions to match 10Gbps performance are summarized

in Figure 5.
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Figure 5: Steps for 100G solution to match 10G performances

The combination of the different principles results in a range of promising modulation
format candidates for L00GbE transport. The typical trade-off between cost and
performance could potentially lead to more than one solution in order to suit different
network scenarios and application ranges. A summary of available technologies,

along with the current status of their technology maturity, is reported in figure 6.

Figure 6: Current 100Gbps technologies overview
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The availability of integrated optical components is crucial to create subsystems that
are compact, easy to manufacture, and cost efficient. The implementation effort
needed for development of the selected technology, such as coherent receivers and

DSP for electronic signal processing, will influence the final availability of the solution.

Conclusions

The development of 100GbE interfaces for both the core network and the edge of the
network brings various technology challenges. The interest in 100GbE transport is
due to its benefits for manageability of the network (opex saving) and optimization of
resources (capex saving). The real benefits will be on the total cost of ownership,
considering that the initial 100G traffic interfaces potentially will have a cost premium
compared to available parallel solutions. The selection of mature transport interface
technologies that are suitable and optimized for the specific network scenarios will be

economically advantageous. One size does not fit all network applications.

As operators deploy 100Gpbs systems, standards will help to align them for the
efficient delivery of Ethernet services, a general improvement in quality of services,

and better environmental sustainability by reducing carbon dioxide emissions.

Glossary
ASIC Application specific integrated circuit
capex Capital expenditures
CEl Common electrical I/O
CMOS Complementary metal-oxide—semiconductor
CPU Central processing unit
DWDM Dense wavelength division multiplexing

DP-QPSK Dual polarization - quadrature phase shift keying
DQPSK Differential quadrature phase shift keying

DSP Digital Signal Processing
FE Fast Ethernet
FEC Forward error correction
FPGA Field-programmable gate array
FSB Full Service Broadband
GbE Gigabit Ethernet
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GFP
HD
HSPA
HSSG
IEEE
I/O

IP
ISP
ITU-T
IXC
LAG
LAN
LTE
MAC
MMF
OAM
OFDM
OIF
OoM3
opex
OoDuU
OTN
PCB
PCS
PDM
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Generic framing procedure

High-definition

High speed packet access

Higher speed study group

Institute of Electrical and Electronics Engineers
Input/output

Internet protocol

Internet service providers

International Telecommunication Union-Transmission
Internet Exchange

Link aggregation group

Local area network

Long Term Evolution

Media access control

Multi-mode fiber

Operations, administration, and maintenance
Orthogonal frequency division multiplexing
Optical Internetworking Forum

Optical multimode 3 (ISO/IEC standard)
Operational expenditures

Optical data unit

Optical transport network

Printed circuit board

Personal computer systems

Polarization division multiplexing

PDM-QPSK Polarization division multiplexing - quadrature phase shift keying

PHY
PMD

Physical layer

Polarization mode dispersion (optical)

PM-DQPSK Polarization multiplexed (same meaning as dual polarisation) -

differential quadrature phase shift keying

PoP Point of presence
QPSK Quadrature phase shift keying
QAM Quadrature amplitude modulation
ROADM Reconfigurable optical add-drop multiplexer
SCM Subcarrier multiplexer
SDH Synchronous digital hierarchy
SerDes Serializer/deserializer
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SMF Single-mode fiber
SOA Semiconductor optical amplifier

SONET Synchronous optical networking

TCP Transmission control protocol

™ Traffic manager

VCSEL Vertical cavity surface emitting laser

VLAN Virtual LAN

VoD Video on Demand

VPN Virtual personal network

WAN Wide area network

WDM Wavelength division multiplexing

XFI 10 Gigabit serial electrical interface
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