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Abstract

Basic subscriber networks are commonly used to support a variety of multimedia service traffic. Optical subscriber network
technologies have garnered increased attention as alternatives to such networks. The initial installation cost of optical subscriber
networks is very high, which has historically slowed technological development and adoption. However, there has been renewed
momentum with the development of Passive Optical Network (PON) technology, which offers good cost-to-efficiency. In this
paper, we investigate the functional requirements of Optical Network Units (ONU) and Optical Line Terminals (OLT) necessary
to develop VPN technology for L2/L.3 MPLS-based network subscribers on Ethernet-PON (E-PON)-based optical subscriber

networks that are linked with an MPLS/IP backbone.

1. Introduction

The evolution of the Internet has forced network operators to increase
the transmission capacity of IP backbone networks. However, in
contrast, the transmission capabilities of subscriber networks have
seen relatively limited improvement in their overall network
architecture for adequately supporting various services such as
advanced multimedia, electronic transactions, remote education or
medical care, or the like. Currently, the most widely deployed
subscriber network solutions, Digital Subscriber Line (DSL) and cable
modem networks, are insufficient to meet the performance
requirements of such services. PONs (Passive Optical Networks) have
emerged as an alternative for subscriber network technology, offering
a low-cost, simple and scalable architecture that supports data, voice,
and video services.

PON technologies are categorized into ATM PON, Ethernet PON, and
WDM-PON. Among these, Ethernet PON is currently the most
advantageous in terms of IP service support and cost-effectiveness,
making it the focus of active technological development. Optical
subscriber networks utilize broadband fiber-optic cable as the
subscriber line and provide high-bandwidth services to a diverse range
of subscribers.

Depending on the extent to which fiber-optic cable is buried from the
Central Office (CO), optical subscriber networks can have an
architecture of FTTB (Fiber to the Building), FTTH (Fiber to the
Home), or HTTC (Fiber to the Curb) architecture.

The development of MPLS technology, which enables IP packet
switching at layer 2, has facilitated the emergence of various types of
VPN service technologies. Unlike conventional subscriber-based VPN
technologies such as IPsec, PPTP, or L2TP, network operators have
now developed MPLS-based VPN services at both Layer 2 and
Layer 3, enabling tunneling. These technologies are referred to as
PPVPN (Provider Provisioned VPN), and are currently being
standardized by the IETF’s PPVPN, PWE3 (Pseudo Wire Emulation
Edge to Edge) working groups.

In this paper, we will first explore Ethernet-PON-based optical
subscriber network systems and then describe L2/L.3 MPLS-bsed VPN
service technologies. In addition, we will discuss the specific
functional requirements for implementing VPN services within
ONU/OLT subsystems, as well as SLAs (Service Level Agreements)
associated with L2/L3 MPLS-based VPN services.
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2. Ethernet-PON-based optical subscriber network
system

Communication networks consist of a backbone network, a subscriber
network, and a user network. At present, backbone networks provide high-
capacity data transmission paths through optical transmission-based
synchronous transmission schemes. In contrast, subscriber networks are
responsible for multiplexing data from the user network, transmitting it to
the backbone network, and distributing the downstream traffic of the
backbone network. At present, subscriber networks have achieved data rates
in the multi-megabits-per second (Mbps) range, through the deployment of
DSL technologies. However, due to the physical limitations of telephone
lines, achieving higher transmission speeds remains challenging. Moreover,
upgrading to fiber-optic transmission infrastructure by laying new fiber
cables involves significant cost. As a result, bottlenecks persist. To address
these challenges, technological development of Ethernet PON systems that
can significantly reduce the cost of laying fiber optic cable while delivering
high-speed communication to end subscribers, and standardization are both
in progress.

Ethernet-PON systems broadly comprise OLT subsystems, ONU or ONT
(Optical Network Terminal) subsystems, and ODN (Optical Distribution
Network). Viewing (FIG. 1), the architecture of a PON comprises one OLT
system and N ONUs via the ODN. The OLT system has a plurality of PON
links to end subscribers, and is connected to ATM, PSTN, IP backbones, or
the like. In addition, the system may also be linked to a Video/Audio service
servers and accesses an EMS system for operational management.

(FIG. 1) Ethernet-PON system architecture

OLT subsystems are located at the Central Office, while ONU/ONT
subsystems are located at the curb, within buildings, or inside homes.
Viewing (FIG. 1), a single fiber-optic cable extends from the OLT to the
closest point to a subscriber and is connected to ONUs/ONTs via a plurality
of distribution fibers. This optical distribution network is referred to as
ODN. The passive equipment of Ethernet-PON located in an ODN
comprises single-mode optical fiber, pass optical fiber splitters/couplers,
connectors, and the like.

PON:S, the passive equipment used in distribution networks, have lower
power and management costs compared to active distribution network
equipment. Consequently, PON can implement low-cost subscriber
networks.

In a PON, optical signals are delivered by being split by optical
splitters/couplers, depending on whether the direction of light is upstream
or downstream, carried or combined in the optical fiber and delivered via
one optical fiber. PON is typically applied at the subscriber end using a
point-to-multipoint tree topology, wherein a single optical fiber is shared
[1].

(FIG. 2) and (FIG. 3) show the downstream data transmission processing
method from OLT to multiple ONUS, and the upstream data transmission
method from multiple ONUs to OLT in an Ethernet-PON system.
Downstream data is broadcast from the OLT to multiple ONUs using
variable-length packets, that are a maximum of 1,518 bytes, in accordance
with the IEEE 802.3 protocol. Each of the packets includes, in its
preamble, a unique identifier of the ONU to be transmitted. Viewing (FIG.
2), the traffic from the splitter is split into three signals, and each signal
then delivers packets that are being sent to all the ONUs. Once the packets
reach the ONUs, each ONU processes only the packets addressed to it,
discarding all others intended for different ONUs. For example, ONUI
receives Packets 1, 2, and 3; however, only Packet 1 is delivered to User 1.

I
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(FIG. 2) Flow of downstream traffic in EPON
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(FIG. 3) illustrates the management of upstream traffic through time-
division multiplexing (TDM). At this time, the OLT allocates transmission
time slots to each ONU. The time slots are synchronized to prevent
interference when upstream packets transmitted from multiple ONUs
loaded onto the shared optical fiber. For example, ONU1 sends Packet 1
during Time Slot 1, ONU2 sends Packet 2 during time Slot 2, and ONU3
sends Packet 3 during Time Slot 3.
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(FIG. 3) Flow of upstream traffic in EPON

Packets conform to the IEEE 802.3 standard format. Traffic is transmitted

in the downstream direction at a rate of 1 Gbps, and the upstream band is
allocated to each ONU statically or dynamically. Each packet comprises a
header, a variable-length payload, and an error detection field [2].
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PON is the key technology for controlling upstream traffic. A ranging procedure
for synchronization is performed upon upstream data transmission among ONUs
located at varying distances between the OLT and ONU, and the OLT functions
as the master, performing dynamic control of the volume of data from each
specific ONU. The dynamic allocation of bandwidth to each ONU is referred to
as DBA (Dynamic Bandwidth Allocation). Under the DBA scheme, each ONU
dynamically requests the required bandwidth from the OLT, and the OLT then
grants this allocation. In a PON system, both a static TDM scheme and DBA can
be used to dynamically manage bandwidth.

3. L2/LL3 MPLS-based VPN technology
VPN services over IP backbone networks have evolved through the adoption of
MPLS technologies, into various VPN services provided by network operators.
VPN technologies provided by network operators are categorized into L3
BGP/MPLS VPN technologies and L2 MPLS-based VPNs.

. |
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(FIG. 4) L2/L3 MPLS-based VPN architecture

The equipment configurations and elements of L2/L3 MPLS-based VPN
deployments are depicted in (FIG. 4). Customer Edge (CE) devices, such as hosts,
L2 switches, or IP routers, connect to the public network via one data link.
Provider Edge (PE) devices in these deployments are operated as IP/MPLS Edge
LSRs. When PE devices operate as routers for L3 BGP/MPLS VPNs, they
maintain only the routing information of the directly connected VPN, and do not
store all VPN routes across the public network, thereby PE devices offer superior
scalability. Provider (P) routers are MPLS relay LSRs between PE routers not
directly connected to CE routers. In a PE device, the table in which the port
information associated with the subscriber site and the routing information for
subscriber traffic is registered is referred to as an VRF (VPN Routing and
Forwarding) table [3][4].

Network operators provide point-to-point virtual circuits operated over IP/MPLS
tunnels between L2 switches, allowing the provision of Layer 2 VPN services
across the IP backbone. The standardization of L2 MPLS-based VPNs is
currently underway, based on the initial draft proposed by Martini within the
IETF. In (FIG. 4), an L2 MPLS-based VPN is established through a point-to-
point connection, represented by a dotted line, between Subscriber Site 1 and
Subscriber Site 2. At this time, the connection between the CE-PE (CE and PE
devices) can utilize various L2 protocols, such as ATM, FR (frame relay),
Ethernet, or the like. The PE is responsible for mapping this subscriber
connection with the LSP within the MPLS backbone, thereby providing
transparent LAN services between customer sites [5][6].

The IEFT is defining the BGP/MPLS VPN method for providing VPN over an
IP backbone, which, as specified in RFC 2547bis, utilizes GBP for the
distribution of VPN routing information and MPLS for traffic forwarding [3].
In (FIG. 4), the solid lines connecting Subscriber Site 3 and Subscriber Site 4
represent a L3 BGP/MPLS VPN. The BGP/MPLS VPN has two types of default
traffic flows. One is the control flow for VPN route distribution and LSP
configuration, and the other is the data flow for transmitting subscriber data
traffic. The CE devices at Subscriber Site 3 and Subscriber Site 4 in (FIG. 4)
notify their routing information to their PEs, and exchange routing information
between PEs using BGP, thereby sharing reachability information between sites
that belong to the same VPN. Subsequently, a subscriber belonging to the same
VPN configures an MPLS LSP between the PEs. Traffic between subscriber
sites is sent to the adjacent PE, and then the PE transmits the traffic to the LSP
that is registered in the VRF, thereby operating the VPN. At this time, the
configuration of the LSP between two PEs uses LDP in the case that the best-
effort LSP is required and uses RSVP in the case that QoS guarantees or specific
traffic engineering objectives are required.

'VPNs provided by network operators reduce the network management burden
on subscribers. Due to their scalability and flexibility, these VPNs are superior
and have the advantages of allowing network operators to provide excellent
value-added services and can be deployed across multiple network operator
networks.

4. VPN functionality in Ethernet-PON systems

The ONU is a device located at buildings or curbs, which multiplexes traffic
from a plurality of local subscribers and transmits it to, and receives it from, the
OLT subsystem. In the case of a fiber-optic cable used for FTTH, the device
installed at the premises is referred to as an ONT, due to its specialized format.
The ONT provides one or two subscriber ports. In contrast, an ONU supports
approximately 24 or 32 subscriber ports, offering 10/100 Ethernet or VDSL
connectivity. Therefore, the PON port on the OLT is not directly accessible by
subscribers. Instead, the ONU serves as the physical access point for Ethernet-
PON system subscribers. For L2/L3 MPLS-based VPNs, the initiation of
service must be from at a specific ONU port, which serves as the subscriber’s
access point. However, ONU does not operate as a system with upper-layer
protocol capabilities, such as MPLS or routing protocols. Rather, ONU
performs traffic multiplexing for subscribers. Such routing and MPLS edge
functionalities are implemented at the OLT level. Therefore, the ONU has a
format of extending the OLT port to the subscriber. From the OLT’s perspective,
the VLAN IDs are used as the method for identifying subscriber ports to support
L2/L3 VPN service. In the Martini contribution document, which defines the
L2 MPLS-based VPN standard, identifying subscribers using VLAN IDs is
mentioned. However, the BGP/MPLS VPN proposal recommends subscriber
identification at the port level.
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In L3 technologies where VLAN IDs are not utilized for subscriber identification,
the OLT must instead map subscriber IP addresses to MPLS LSPs. This can result
in performance degradation within the L2/L3 network processor of the line card.

L MPLS.TE Jd DBA | Pert Rate Limitiog_|

(FIG. 5) L2/L3 MPLS-based VPN subscriber accommodation model

If the PON has a bifurcation ratio of 1:32, each ONU supports 32 ports.
Consequently, a single Ethernet-PON port can logically serve up to 1,024
subscribers. With two PON ports, the system can support up to 2,048 subscribers,
which exceeds the 12-bit VLAN ID space limit. Therefore, when the OLT operates
as an L2 switch, it is essential to implement a mechanism in the OLT that
distinguishes between VLAN IDs used for VPN services and VLAN IDs used for
basic L2 browsing.

It is not necessary to implement the IEEE 802.1Q proposal, which is the standard
for VLAN functionality, within the ONU’s back-end processor for the purpose of
subscriber identification.

In L3 BGP/MPLS-based VPN technologies, private addressing is utilized for
using the VPN-IPv4 address system on subscriber sites. Accordingly, to enable the
exchange of routing information between dispersed subscriber sites, the OLT must
implement Multi-Protocol BGP (MP-BGP) functionality, which extends the
capabilities of conventional BGP. In MP-BGP, routing information for IPv6, IPX,
VPN-IPv4, and the like, can be exchanged. In addition, the OLT can manage VRF
tables to map subscriber traffic to the MPLS tunnels.

When an L2/L3 VPN is implemented over an Ethernet-PON system, it enables
the provision of fixed-bandwidth services, something that is challenging to
achieve with traditional IP-based VPN technologies, such as IPsec, L2TP, and
PPTP. This allows network operators to develop new business models. L2/L3
MPLS-based VPN technologies enable the provision of services with bandwidth
levels negotiated through SLAs, delivered over the network operator’s VPN
service channel. This approach enables fixed-bandwidth services from a
subscriber to an ONU port over 10/100 or VDSL and can control the subscriber-
specific traffic volume through rate-limiting at the ONU port level. If one ONU
receives guarantees from the optical distribution network and the MPLS backbone
that are equivalent to the aggregate subscriber traffic directed to that ONU, it can
ensure the quality of service as agreed upon with the subscriber.

In the optical distribution network segment, fixed bandwidth can be allocated
to a specific ONU via configuration management functions, in accordance with
the defined bandwidth allocation policy. In the MPLS backbone network, LSPs
are established using resource reservation protocols such as RSVP. These LSPs
enable the provision of fixed-bandwidth services as agreed upon, leveraging
traffic engineering.

5. Conclusion

In this paper, we examined Ethernet-PON systems as a promising alternative
technology for optical subscriber networks. We also investigated L2/L3
MPLS-based VPN technologies currently deployed by network operators.
Subsequently, we discussed the functions that need to be implemented in
OLTs/ONUs to support L2/L.3 MPLS-based VPN services within an Ethernet-
PON architecture. Standardization for VPN technologies is actively underway,
and the standardization of L3 BGP/MPLS VPN technologies is progressing
rapidly, with RFCs already published by the IETF. Meanwhile, the
development of L2 MPLS-based VPN technologies remains in the early stages,
with initial drafts currently under consideration. However, numerous
multinational network equipment companies are already offering switches and
router equipment that support L2 or L3 MPLS-based VPN functionality. These
VPN technologies are fundamentally designed to operate over IP/MPLS
backbone network. Consequently, backbone network infrastructure must
support MPLS in order to deliver these services. When these technologies are
applied to Ethernet-PON-based optical subscriber networks, subscribers
seeking to establish VPNs can do so with minimal equipment and at a lower
cost compared to conventional subscriber-based VPNs. Consequently, we
anticipate the emergence of new revenue models for network operators,
particularly through SLAs.

To provide such VPN services, OLT subsystems must include functionality for

mapping specific VPN subscriber traffic, differentiated by VLAN ID at L2/L3,
to the MPLS tunnel. Additionally, operational management functionality is
required to configure the VPN. In ONU subsystems, VLAN tagging
technology is required to differentiate subscriber traffic, along with rate-
limiting functionality that can control subscriber traffic.
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