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- ————]——— — — — — — WAN
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’ Gateway 1. Existing
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Fiber Optic
. 2. Splitter
S — —— —— e —— —— o — e —— — PSTN
5. Ordinary
Telephone Telephone Service
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31 4.4 msuenaodIdyRUIVDFUINAI (Centralized Splitting)

Tap Closure

/ 1:4 split

Main

co ~ Closure "'4 Tap Closure

1:8 split —— bhade o

% 3 ——

\ Tap Closure
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31 4.8 nmdedaginsel ONU molueins

4.3 195098 PON §%5Y FTTH

g ldnaniudrluaeudun szuy FTTH  1dnSevedauasuuuwiasnvioe

] v bl "
PON (Passive Optical Network) Aransaldusmsudldnegrieeen ldwa hindeowas 1

davawilawas 14 A1 swazidoa lduaas Tid sy PON uuuae 9 Tumsied 4.1

A195199 4.1 LAAITIWALIDIAYDI PON IUVANA

(max)

yiiauar | anwmdruar | dadaw | nasgui 1Y Power ¥HAV0Y
Tilslanea | szezma M3 uen Budget wulmiwaa
Harg
BPON 622 or 155 1:32 (max) | ITU G.983.3 Class A SMF ITU
Broadband | Mbps 2001 Optics 20dB | G.652¢/d (low or
Passive Downstream zero water peak)
Optical 1490 nm ITU G.652 (std.
Network 155 Mbps SMF)
ATM upstream 1310
nm 20 km




13199 4.1 (A0)
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GPON 2.488 or 1.244 1:64 (max) | ITU G.984.2 | Class A Optics| SMF ITU
Gigabit Gbps 20dB G.652¢/d (low or
capable downstream Class B Optics | zero water peak)
Passive 2.488 or 1.244 25dB ITU G.652 (std
Optical Gbps or Class C Optics | SMF)
Network | 622 Mbps or 30dB
ATMor | 155 Mbps
Ethernet | upstream
60 km (max)
EPON 1.25 Gbps 1:16 IEEE802.3ah | PX-10U 23dB | SMF ITU
Ethernet | downstream(D) | (nominal) PX-10D 21dB | G.652¢/d (low or
Passive and upstream(U) | 1:32 PX-20U 26dB | zero water peak)
Optical 1000BASEPX10 | (permitted) PX-20D 26dB | ITU G.652 (std
Network | 10km SMF)
1000BASEPX20
20 km.

4.4 IIMININATRVSLVVEwa FTTH
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awnsahanldneenuunll  msnameunsevis FTTH  figduuuluhueadoadums

nageuszvymeduduloniwaniall Wewnszuy FTTH dumalulasaeudralnluy
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coO Splitter
cabinet

OLT 1:32 split

1 4.9 wSovwmbadu loviwaeednedovesszuy FTTH

Step 1) verify total loss budget

Step 2) Link Characterization

Step 3) Couplers and splice Characterization
Step 4) End-to-end loss & back reflection testing
Step 5) OLT and ONUs tum-up
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E
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o T A ] 4 . [] o
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. Amsagioundy (Back reflection) luudazyansiisuihuliauiidmua
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. [ Unified Mestaging

~ [JEducation Resources

$250

Online Gaming

. [ Digital Music

$200 -

Home Security

EFPay-per-View/VOD

$150

T W Interactive Vides» Services

$100

@ Broadband Access
$50

Monthly Revenue per Household

_ [Dial-Up Access

W Lozg Distance

2002 2005 B Local Phone
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Input Power

Output Power

Userl- Remote Node 1 -22.43 dBm -
User2- Remote Node 1 -22.34 dBm -
User3- Remote Node 1 -22.57 dBm -
User4- Remote Node 1 -22.49 dBm -
User5- Remote Node 1 -23.14 dBm -
User6- Remote Node 1 -22.87 dBm B
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-21.91 dBm
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Uplaod data speed (MB/s)
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6.5 MINAALIN 5
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Uplaod data speed (MB/s)
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Abstract

This paper presents the critical performance testing of FTTH or Fiber to the Home. To use optical

fiber systems and mainframe system of computer center to implement the virtual system approach the real

world and create factors for variable testing and kept data of output result for studying and analyzing to

real use with commercial.
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Abstract

In this paper we investigate the current status of Fiber-
to-the-Home Passive Optical Networks. We start by
reviewing the driving forces behind the push for
broadband from the customer and service provider
sides. PONs are currently preferred for new FTTH
deployments for a variety of reasons; we review their
standards, new technologies and deployment plans in
the United States, Japan and Korea. We then describe
SUCCESS-HPON, a next-generation optical access
architecture that allows a smooth transition from TDM
to WDM-PON. We finalize by summarizing what we
believe are the main open research issues in this area.

Keywords: FTTH, PON, WDM-PON.

1. Introduction

The driving forces for Fiber-to-the-Home/Curb/Node
(FTTX) technologies in the telecom business can be
better understood by briefly reviewing the history of
broadband access. Traditionally, the two most
common electronic communication services have been
standard analog broadcast or cable TV and Plain Old
Telephone Service (POTS). These two services were
provided by separate infrastructures that coexisted
peacefully for many years. The advent of the WWW
created a marked increase in the demand of home data
communication services. Starting about a decade or so
ago, ILECs and MSOs started satisfying this demand
in the form of Internet dial-up and DSL services the
former, and HFC cable-modem services the latter, and
thus started competing directly for customers.

The bandwidth offered by DSL and HFC
networks has been enough for users’ demands for
now. However, the nature of the traffic that flows
through the Internet is changing. New applications
require higher bandwidths, support for constant-bit-
rate (CBR) streaming media, symmetric data rates
(e.g., for peer-to-peer file transfer), low delay for
interactive applications and security. The Internet,
originally designed to provide a best-effort service and
make use of statistical multiplexing, will need many
architectural upgrades in order to accommodate these
new demands [1].

One of the main current Internet issues is the last-
mile bottleneck. While data rates in LANs, MANs
and WANSs range in the 100 Mbit/s - 10 Gbit/s, in
broadband access they range in the 100 Kbit/s to a few
Mbit/s. This bottleneck prevents the development of
high-bandwidth interactive consumer services.

ILECs, MSOs and others are all looking into
ways to satisfy new broadband access demands. The
Holy Grail is two-fold: First, have Fiber-to-the-Home
(FTTH) connectivity to the customer premises; then,
be able to provide voice, video and data, the so-called
triple-play, over this single media. The ways to attain
this Holy Grail are not at all clear, given intense
competition, varying regulation and the uncertainty of
customer take-rates [2]. New technologies, such as
vDSL2 and WiMax, increase the array of possibilities,
but also the uncertainty on the best way to proceed. It
is clear, though, that none of these other technologies
can provide the bandwidth that fiber does, making it
the ideal medium for high-bandwidth applications
and/or as the backhaul of wireless and DSL networks.

Several technologies can be used for FTTX. The
most straightforward, but most expensive, is through a
point-to-point (P2P) network with active components
from the Central Office (CO) to the premises. Limited
deployments have used this technology (e.g. in Japan),
but its costs are high: P2P networks need a separate
fiber for each user and/or maintenance of the active
elements in the distribution network.

A good fraction of the installation and
maintenance costs of access networks is due to active
elements, when they are present. Because of this,
Passive Optical Networks (PONs), those in which the
distribution network has only passive elements, are
currently viewed as the best alternative for FTTX.
Most of the operating costs of the ILECs currently
come from copper network maintenance; some argue
that ILEC’s operating costs can actually be reduced by
aggressively deploying FTTH [3].

2. PONs

PONSs have a tree topology in order to maximize their
coverage with minimum network splits, thus reducing
optical power loss. This is important, since a passive
distribution network has no amplifiers or regenerators.



There are three standardized versions of PON:
Ethernet PON (EPON), Broadband PON (BPON) and
Gigabit PON (GPON). They all use two wavelengths,
one for downstream and one for upstream data traffic.
These wavelengths are time-shared among users,
making them Time Division Multiplexed PONs
(TDM-PONs). The total bandwidth available per user
is thus limited by this time-sharing, especially if the
connection is going to be used for CBR applications.
A third wavelength can optionally be used for
downstream analog video broadcasting (RF).

Wavelength Division Multiplexing (WDM) can
be used in PONs to increase the overall throughput.
The cost is, however, usually much higher due to the
use of tunable and wavelength-sensitive optical
components. WDM-PONs are regarded as the next
step after TDM-PONs, and are currently mostly in
research phase. Korea Telecom (KT) has, however,
announced the launch of a 100Mbit/s WDM-PON in
2005. Table 1 compares some of the key
characteristics of PONs.

EPON BPON GPON WDM-PON
IEEE ITU
Standard 802.3ah G983 ITU G.984 None
Protocol
Framing | Ethernet | ATM | GEP/ATM oo
Independent
Maximum _ 622 2488 1-10 Gbit/s
. 1 Gbiv's < :
Bandwidth Mbit/s Gbit/s per channel
Users/PON 16 32 64 100’s
Average
; 60 20 . .
Bandwidth i ; 40 Mbit/s 1-10 Gbit/s
Mbit/s Mbit/s
per User
Video | RF/IP RF RF/IP RF/IP
Wolnmol | o owit:] En Medi High
W w ium igl

Table 1. PON Comparison.

2.1. BPON and GPON

In 1995, North American operators joined efforts in
the FSAN committee to draft standards for PONSs.
The results of their efforts were later standardized by
the ITU in the G.983 and G.984 recommendations.

The underlying transmission technology for the
first set of standards is ATM cell-based. Because of
this, they were at first named ATM PON (APON).
The name was later changed to Broadband PON
(BPON) to emphasize that they were not limited to
ATM traffic. The BPON standards specify from the
physical layer all the way up to OAM. The maximum
speeds are 622 Mbit/s downstream and 155 Mbit/s
upstream. Many manufacturers, including AFC,
Alcatel, Calix, Motorola and Terawave, currently
produce BPON products.

Since the encapsulation of IP traffic in ATM cells
creates a high overhead, or cell-tax, and in an effort to
make a more flexible standard, GPON was developed.
In GPON, the encapsulation is done using the Generic
Framing Protocol, a flexible method for both bursty
and CBR trafficc. The GPON standards are in
development, having the physical and transmission
layers already well defined. Since the OAM and other
higher-layers have not been defined yet in the
standards, operators are reluctant to deploy them for
now. Flexlight and Optical Solutions are some of the
current manufacturers of GPON equipment.

Deployments. Most of the North American
operators have been involved in the development of
the BPON and GPON standards. In their announced
current and future FTTX deployments, they plan to
use equipment based on these standards, because of
their flexibility to support CBR applications and to
adapt to their previous TDM-based infrastructure (e.g.,
T1 lines).

Verizon, SBC and Bellsouth issued a joint request
for FTTX proposals in late 2003. Bellsouth has opted
for FTTC deployments with Gigabit Ethernet (GigE)
feeder links instead of PONs; SBC has decided to go
for B/GPON FTTH in new housing complexes, while
deploying GigE FTTN+DSL in existing units. Verizon
has decided to go for B/GPON FTTH in all cases.
SBC expects to have IM B/GPON FTTH and 17M
FTTC+DSL customers by 2007. Verizon had 1M
customers passed by the start of 2005, and expects to
have 3M by year’s end, but the take-rate is not public.

In Japan, NTT had been deploying BPON for
some years and it actually had about 100k customers
by 2004. However, NTT intends to shift its customers
to EPON for reasons explained below.

2.2. EPON

A separate PON standardization effort was started
based on the IEEE Ethernet protocol. The idea here
was to make use of the huge base of low-cost Ethernet
designs to allow for simpler, less expensive
technology to be used in PONs. The downside is that
Ethernet is mostly engineered for bursty data and not
for CBR or TDM services. EPON was developed and
formalized in the IEEE 802.3ah standards. The scope
of these standards is limited to the physical
transmission layer and thus the interoperability of the
higher layers is not guaranteed. The maximum rate
for EPON is nominally 1.25 Gbit/s, but due to the use
of 8B/10B coding, it is effectively 1 Gbit/s.
Deployments. Companies such as Alloptic,
Centillium, Passavé and Teknovus produce EPON
products, mostly for the Asian market. In Japan, both
NTT and KDDI needed, due to intense competition, to



deploy Gigabit FTTH services and could not wait for
the GPON standards to be fully developed. In
addition, providing broadcast video or POTS services
is not a top priority for them due to regulation issues.
Thus, they decided to shift to EPON for new and old
customers. NTT has currently about IM FITX
subscribers (including PON and P2P), which are going
to be progressively switched to EPON.

2.3. WDM-PONs

WDM-PONSs, as we mentioned above, use expensive
components and, unlike long-haul networks, their cost
is shared by only a few tens of users per network.
However, they can provide Gbit/s rates to each user,
which TDM-PONs cannot. The issue is how to do this
in a cost-efficient manner.

Deployments. In Korea, current vDSL systems
provide 54 Mbit/s. The Korean government has a
residential Internet connectivity rating system. In order
to attain higher home connectivity ratings, KT has
decided to go for 100 Mbit/s guaranteed per user with
WDM-PONSs, with a service scheduled to start later in
2005. The details of their architecture are not public.

A
© WDM-PON
g KT WDM-PON
§ ® GPON  success-
BPON @
= HPON
® EPON
T T T >
10 100 1000

Bandwidth per User [Mbit/s]
Figure 1. Relative costs and bandwidths of PONSs.

2.4. Hybrid TDM/WDM-PONs

The deployment of TDM-PONs has started. It is
expected that by 2009 the number of users will be
more than 10M worldwide [4]. Given this installed
base and the increasing bandwidth demands, the issue
will be how to migrate to WDM-PONSs in a flexible
and cost-efficient manner. Some Hybrid TDM/WDM-
PONs have been proposed, including Samsung's
Hybrid PON [5] and Stanford’s SUCCESS-DWA [6]
and SUCCESS-HPON [7]. In this paper we will
discuss the latter.

2.4.1. SUCCESS-HPON

The Stanford University aCCESS - Hybrid TDM /
WDM-PON [7], or SUCCESS-HPON, architecture

provides a smooth migration path from TDM to
WDM-PONs. Figure 1 illustrates the place of
SUCCESS-HPON among other PONs: it provides
bandwidths comparable to regular WDM-PON, but at
lower costs. This is achieved by (1) eliminating the
need for lasers at the customer’s premises and (2)
sharing tunable components at the CO.

Ay

Figure 2. SUCCESS-HPON Architecture.

In SUCCESS-HPON (Figure 2), the need for
fixed or tunable lasers at the customer's WDM Optical
Network Units (ONUs) is eliminated by sending a
continuous wave (CW) from the CO in which to
modulate the upstream data. Avoiding the need of
lasers, especially tunable ones, makes the ONUs
considerably less expensive. There are several options
for modulating the CW's at the ONUs. We propose to
use Semiconductor Optical Amplifiers (SOAs), under
the assumption that their potential integration with the
electronics will decrease costs further.

Tunable lasers and receivers at the CO are shared
by all the network users for both downstream and
upstream data traffic. This allows decreasing the total
amount of components needed. This approach is
scalable, since the number of components can be
gradually increased as new customers join the
network. Sharing these components is not easy; in
order to do so effectively, innovative scheduling
algorithms were developed [8].

3. Open Research Issues

In FTTX PONs, issues similar to those that arise in
other networks, such as QoS, fairness, security and
reliability, are present. Beyond these issues, however,
there are some that are particular to access networks.
TDM-PONs. The EPON standards specify only
the network’s physical layer; the algorithms and
protocols used to assign bandwidth to the users,
ensuring fairness and QoS, are left open to the
implementer. Considerable work has gone into
developing Dynamic Bandwidth Allocation algorithms



for this. A separate issue is how to provide open
access for multiple ISPs to share the same fiber
infrastructure when the local legislation requires it.

Large-scale IP Video Networks. As discussed
above, some service providers plan to deploy large-
scale IP video networks to provide HDTV and VoD
services. Even though this has been done in limited-
size trials, the concept of a national IP video network
is new and challenging. Some have suggested that the
ideal situation is a combination of analog and IP video
[9] (this also depends on legislation and copyright
issues). Some of the technical difficulties lie in the
deployment of scalable multicasting protocols,
mapping multicast groups to conventional video
channels and the development of inexpensive
integrated set-top boxes.

Integrated ONU / Wireless Base Station /
Home Gateway / DSLAM. The integration of various
components provides an opportunity to develop
combined scheduling algorithms and MAC protocols
that take into account multiple interfaces and users to
optimize performance. Research on architectures,
protocols and algorithms for such an integrated unit
will be very valuable.

Hybrid TDM/WDM-PON Architectures. To
provide a smooth transition from TDM to WDM, the
proposed network architectures will most likely need
to efficiently share expensive tunable components. In
the case of SUCCESS-HPON, by sharing the most
expensive components, the overall cost of the network
decreased; however, this increased the computational
complexity of the system. This tradeoff between
number of components and computational complexity
is an issue of further research.

WDM-PON. Research that lowers the cost of
devices that are passive and WDM functional (e.g.,
athermal AWGs) and that facilitates the integration of
optics with electronics (e.g., SOAs in an ONU) is very
important. As in the case of Hybrid TDM/WDM
PONs, how to select which devices to share and how
to share them with fast scheduling algorithms is also a
matter of further research.

4. Concluding Remarks

There are many possible approaches for FTTX, in
terms of technologies used, fiber reach and services
provided; each country also has a particular legislation
that affects the best local choices. This variety of
approaches and the uncertainty of customer take-rates
make it difficult for U.S. service providers to promptly
commit to invest in large-scale deployments, slowing
down FTTX penetration. However, it is acknowledged
that given the bandwidth limitations of DSL and
wireless solutions, fiber optic access will probably

become commonplace, even if it takes longer than
expected.

Once the bandwidth demands exceed the capacity
of TDM-PON:Ss, there will be a need to move to WDM-
PONs. We have discussed the proposed SUCCESS-
HPON architecture, which provides a smooth
transition path from TDM to WDM-PON in a scalable
and cost-efficient manner.

There are still many open research issues in both
TDM and WDM-PONs, ranging from devices and
systems integration to scheduling algorithms and
communication protocols. These issues, added to the
increasing residential bandwidth demands and
competition among service providers, create a fertile
ground for further research work with an industry
impact.
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An Approach to DWDM for Real-Time Applications

Alberto Aloisio, Francesco Cevenini, and Vincenzo lzzo

Abstract—Dense wavelength division multiplexing (DWDM) is
a technology that assigns to the users of an optical network specific
wavelengths or “colors” and mixes them in a single strand of fiber.
Heterogeneous data is transmitted simultaneously across lanes of
light, which are demuxed at the receiving end and delivered to the
clients. Instead of deploying more fibers or increasing the data
transfer rate, the bandwidth of an optical link is scalable by adding
more wavelengths to the system. DWDM has been pioneered for
applications in long-haul telecom networks, requiring bulky,
sophisticated, and custom instrumentations. Nowadays, most
of the main components are available off-the-shelf as compact
and reliable devices, making it possible to use this technology in
real-time environments. In this paper, we investigate the possibility
to deploy DWDM in data acquisition (DAQ) systems for future
high-energy physics experiments. We present our tests of the
AGEREs Translight CA16, a DWDM transponder capable of
full-duplex optical operations at 2.48 Gbit/s (OC-48). The results
are discussed in view of a future integration of the transponder
with a field programmable-gate array (FPGA)-based controller
aimed at real-time applications.

Index Terms—Data acquisition (DAQ), optical communication
equipment, SONET.

I. INTRODUCTION

HE concept of optical networking has undergone a deep

revision in past years, modifying and extending the basic
layout which is simply based on the presence of fibers in the
physical transmission layers. The bandwidth of a single-mode
fiber exceeds by orders of magnitude the requirements of the
most demanding peer-to-peer producer/consumer pair. In order
to avoid wasting fiber resources and to fully utilize the costly
electronics that drives them, the physical channel can be shared
among many tributary streams.

Dense wavelength division multiplexing (DWDM) is an op-
tical technique that allows for simultaneous transmission of light
at different wavelengths on a single strand of fiber. The ITU-T
recommendation G.692 defines the window used for DWDM
applications with 45 channels spaced 100 GHz apart (0.8 nm),
spanning across the C-band from 1528.77 to 1563 nm. Each trib-
utary channel maps to a specific wavelength in the frequency
plan, and heterogeneous data with different formats and rates
coexist on the same fiber. Light mixing is an analog technique
based on basic physical principles. Passive optical equipments,
such as lenses and gratings, implement the main I/O functions
required for routing the data streams. Network operations are
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inherently parallel and all virtual channels experience the same
path, regardless of the original electronic format. Data handling
could not be any faster, since the speed is that of light in the
medium. Most of the standard single-mode fibers already in
use can support DWDM. This allows upgrading the network
bandwidth when needed, by lining more wavelengths instead
of raising the transmission data rate.

II. BAsic DWDM TOPOLOGIES

A simple unidirectional DWDM point-to-point network is
shown in Fig. 1. Data originate from the end-users’ equipment
[line terminal equipment (LTE)] with different protocols, rates,
and physical layers.

Optical layers adopted by local area networks (LANs) for
short and intermediate-reach (few meters to few kilometers)
use 850 or 1310 nm center wavelengths with a broad spectrum.
To be DWDM compliant, they must be mapped or transposed
into a specific ITU channel. For this purpose, specific transpon-
ders perform optical-to-optical (020) conversion between
LANs and DWDM domains. Copper-based physical layers are
electrical-to-optical (E20) converted by transponders. In both
cases, the output of these devices is a “colored” light compliant
with the ITU frequency plan that can feed a DWDM optical
multiplexer.

At the receiving end of the network, an optical demux routes
the different wavelengths to O2E or 020 transponders. They
interface the network output to the user-specific LTE, an envi-
ronment that could be either optical or electrical.

In order to support bidirectional full-duplex data traffic, the
optical mux and demux must be replaced by more sophisticated
devices. Optical Add-Drop Muxes (OADMs) and optical cross
connects allow implementing full-duplex point-to-point, ring
and star topologies. A review of optical devices and complex
DWDM architectures can be found in [1], [2].

The transponder allows the tributary data channel to comply
with the DWDM specifications and it allocates the data traffic
to a specific wavelength. It can be specific for a given pro-
tocol and data rate hierarchy or “transparent.” This last type
is mainly found in application in the Gbit/s range. High-speed
(>2.5 Gbit/s) transponders are very often standard specific and
they are available off-the-shelf for the most important protocols.

In order to evaluate the deployment of a DWDM network
in a data acquisition (DAQ) system with real-time features, we
have chosen the AGERE CA16 Translight [3], an OC-48 class
(2.48 Gbit/s) SONET transponder. SONET is a well-established
and documented standard, with a large availability of devices
and debug tools. Moreover, SONET implements a synchronous
deterministic data channel, a key issue in real-time operations.
The OC-48 hierarchy has been chosen as a tradeoff between
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Fig. 2. (a) CA16 transponder simplified block diagram. (b) The transponder on the evaluation board.

cost, performance, availability of test instrumentation, and
FPGA devices capable to handle the selected frequency range.

III. DWDM BENEFITS

A DAQ system designed around OC-48 SONET DWDM
transponders would be able to transmit across a single fiber
up to 45 independent data channels—using all the available
ITU wavelengths. Taking into account protocol overheads and
assuming a conservative 50% payload occupation, this means
moving across a single fiber an aggregate bandwidth of up
to 7 GByte/s. This value doubles if full-duplex architecture
is considered. In addition to the available bandwidth, other
factors concur in making DWDM an attractive technology for
DAQ applications. For a medium-scale high-energy physics
detector, a few fibers would suffice to carry all the data to
the control room site. New generation transponders support
long reach traffic (>40 Km) without signal regeneration.
This feature is very interesting for DAQ systems of deep-sea
experimental sites or in general when data must be routed to
distant backbones. DWDM is inherently protocol-transparent:
real-time data traffic can share the same fiber and physical layer
with LANs and even commercial telecom traffic. Furthermore,
each channel can be “hot-plugged” and turned on and off inde-
pendently, without reconfiguring the network. Data routing is
fully performed at the optical level, saving expensive switches
and hubs. The entire architecture scales gracefully upgrading
each data channel to the next available SONET hierarchy or
lightening unused wavelengths. All these upgrades do not
involve changing the network core (transport fiber, optical

devices, monitoring facilities). OC-192 (9.95 Gbit/s) SONET
DWDM transponders are already available on the market.
With this technology, the achievable bandwidth is boosted by
a factor four, arriving at ~28 GByte/s payload bandwidth for
half-duplex networks.

The design of a DAQ system based on DWDM requires the
massive introduction of transponders in the detector readout
scheme. Front-end modules and readout hubs should act the part
of LTEs. Development of custom hardware is needed to inter-
face the detector-specific electronics with off-the-shelf SONET
transponders. Our case study aims at the feasibility of a low-cost
FPGA-based DWDM transponder controller.

IV. THE CA16 TRANSPONDER

The CA16 transponder (Fig. 2) combines in a single package
a 16-bit serializer, the optical transmitter, the optical receiver
with clock and data recovery and a 1:16 deserializer. In
the transmitter section, an internal 2.48 GHz oscillator is
phase-locked to a user-supplied 155.52 MHz (OC-3) REFer-
ence ClocK (REFCLK). The 16-bit parallel input word from
the LTE logic is latched by the Parallel In CLocK (PICLK).
This clock can be either a replica of REFCLK or can be derived
by the Parallel CLocK (PCLK), a divide-by-16 output of
the internal 2.48 GHz clock. The serializer feeds the optical
transmitter with a 2.48 Gbit/s stream which is launched into
the optical fiber.

The transponder uses a cooled distributed feedback (DFB)
laser for long reach applications (0 dBm typical power output,
100 Km reach) and must be purchased for the specific ITU grid
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channel of interest. However, the DFB laser is tunable and the
wavelength select (WS) logic input allows the user to hop on the
adjacent lowest ITU channel (a 0.8-nm wavelength increase).

In the receiver section, an avalanche photodiode (APD) con-
verts the optical signal in electrical format, and the 2.48 GHz
bit-rate clock is recovered from the serial stream. The 1:16
deserializer arranges the data in a 16-bit parallel word clocked
out by the Parallel Out CLocK (POCLK), which has the
same frequency and it is phase-locked to the PICLK on the
transmitter side. The loss of signal (LOS) logic output is
asserted when the clock recovery PLL circuit is not locked to
the incoming data stream.

The /O data busses and all the clock signals are in differential
LVPECL standard, digital controls and status flags are TTL or
LVTTL compatible.

The CA16 transponder is powered from a 33 V
supply and draws 2.6 A (typ.). It has a form factor of
89cmx 10.2cm x 1.4 ecm (W x L x H).

V. TRANSPONDER ISSUES

The CA16 transponder is designed to provide a SONET
OC-48 compliant interface between the LTE and the DWDM
optical layer. Mainly, it guarantees the SONET specifications in
terms of optical output and clock synthesis and recovery at the
specified 2.48 Gbit/s data rate. However, it does not parse the
SONET frame structure, and the transmitter does not perform
data scrambling—all these operations are left to the LTE.

The receiver relies upon the data scrambling defined by
SONET to recover the clock. The SONET protocol specifies
that transmission of constant runs of ones or zeros up to 2.3 us
must not provoke a LOS, which instead must be asserted
when the condition lasts for more than 100 us. In between, the
protocol does not specify the LOS behavior, which is left to the
equipment designer.

The transponder does not append any overhead to the serial
stream. This makes all the bandwidth available to the payload,
but at the same time it is also responsible for an arbitrary align-
ment of the received word. The lack of any synchronization
character does not allow the receiver logic to align the word to
the original byte boundaries. After the receiver has achieved the
lock, a 16-bit word transmitted as bys . . . bg could be received
as a cyclic permutation such as by, by, bys, bg, ..., bi2. The
offset in the byte boundary is constant until the receiver stays
locked. It may change after a new lock procedure, a reset or a
loss of signal. This unpredictable behavior is typical of many
high-speed mux-demux architectures and it requires a specific
rewiring feature to be implemented in the LTE. In the sim-
plest rewiring algorithm, a constant unscrambled synchroniza-
tion word is sent across the link. The receiver logic cyclically
shifts the received word one bit at the time, until it recognize the
synchronization symbol. The shift offset can then be applied to
the incoming data by using a classic barrel shifter circuit.

Apart from the required data scrambling and the rewiring
algorithm, the transponder can transmit random data and it is
restricted to the SONET paradigm only for the data rate. In
the development of a DWDM-based network for real-time sys-
tems, this transponder offers the SONET feature of phase locked
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timing between transmitter and receiver. It supports 16-bit word
data transactions at 155.52 MHz, and OC-48 optical perfor-
mance. The user can then superimpose the packet structure best
suited for the specific application. This will require the devel-
opment of a custom transponder controller based, for instance,
on FPGAs.

V1. TESTING THE TRANSPONDER

Interfacing the CA16 transponder with an FPGA requires a
careful floorplanning of the design. Timing signals and data I/O
are in differential LVPECL and they should be handled without
using level translators to guarantee the highest signal and timing
integrity. The newest FPGAs support the LVPECL standards
and can cope with the 155-MHz data rate, offering a low-cost
platform to implement and test different solutions. In view of
integration with these programmable devices, we have charac-
terized selected parameters of the transponder such as transmis-
sion latency, tolerance to long runs without transitions, receiver
output timing, cycle-to-cycle jitter of the recovered clock, and
bit error rate (BER).

We designed an evaluation board that interfaces the
transponder to a parallel bit error rate tester [4]. The tester feeds
the transponder data input with programmable parallel data
patterns and verifies the data received by the transponder. In
our setup (Fig. 3) the tester also drives REFCLK and PICLK.
The transmitter output of the transponder is attenuated by 10 db
(to avoid saturating the RX) and looped back into the receiver
via a 10-m single-mode fiber.

A number of practical issues are involved in measuring the
data transmission latency of the transponder. The data pattern
used in this test must fulfill different requirements, somewhat
in contrast. To remain locked, the RX needs a data stream with
a sufficient transition density like a pseudorandom bit sequence
(PRBS). On the other hand, triggering the oscilloscope on the
PRBS input to measure the delay at the transponder RX output
can be extremely difficult and give confusing results. Exploiting
the Tester flexibility in generating and nesting arbitrary patterns,
we have inserted gaps of zeros in between PRBS segments.
The gap length is short enough not to compromise the receiver
lock but allows us to trigger the oscilloscope on the sequence’s
starting point. With a 10-m fiber, the measured delay between
the transmitter input and the receiver output is 110 ns (Fig. 4),
which gives a transponder an intrinsic latency of ~60 ns. The



ALOISIO et al.: DWDM FOR REAL-TIME APPLICATIONS

3 i L i L] a i
500mV M 50.0ns Width Ch2

i i ias
@i 500mv Ch2

Fig. 4. Transmission latency with 10-m fiber.

Ch3 zoom:  1.0X \Iert,' " 0.005K Horz

TX mput{PRBS) E

i P e

|

|

|

I

wad a
1.00v Ch2 250mv Mln nus chin

1.34V
Fig. 5. LOS timing.

test also shows that the two data streams are phase-locked and
that the latency value does not change after a reset, a power
on—off cycle or selecting a different PRBS sequence.

The latency test setup can be easily modified to measure the
transponder tolerance to long runs with low transition density.
The gaps interlaced with the PRBS segments are programmed in
the form of constant zeros or ones or runs with limited amount
of transitions to stress the receiver clock recovery circuitry. The
gap length was increased until a LOS occurred (Fig. 5). The test
results show that the receiver asserts the LOS after 19 us +20%
from the end of the PRBS sequence. This value is well within the
SONET specifications and makes it possible to send unscram-
bled data across the link for thousands of OC-3 clocks without
disrupting the clock recovery at the receiver side. This feature
can be used for system level and network control applications
such as connection bootstrap, rewiring, and insertion of specific
unscrambled stamps in the data flow. According to the AGERE
data sheet [5], the LOS output can oscillate or provide false in-
dications in a no-light environment (broken fiber, transmitter
disabled).
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By simply removing the gaps, the Tester can feed the
transponder with pure PRBS segments. In this way, it is
possible to measure the receiver’s data output timing. In
this test, the oscilloscope is triggered by the POCLK and a
single output bit is acquired in sampling mode obtaining an
eye-diagram (Fig. 6). The eye-shaped waveform is a composite
view of superimposed random data bits accumulated over a
persistence time window defined by the oscilloscope’s display
control logic. The persistence can be set in the range from
fractions of seconds to infinity and the display can be used
to evaluate both amplitude and timing parameters of the data
stream. Setup and hold times are measured with respect to the
recovered clock rising edge and their values, 3.7 and 2.7 ns,
respectively, are fully compatible with a low-cost FPGA family
supporting LVPECL I/O such as the Xilinx Spartanll-E [6]
(even considering the slowest speed-grade). These FPGAs also
fully meet the input timing requirements of the transponder
(1.5 ns setup, 0.5 ns hold) and hence can be considered as
candidates to implement the transponder control logic.
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Fig. 6. RX output data timing.

Like the majority of high-performance FPGA families, the
SpartanII-E offers a phase-locked circuitry that eliminates the
on-chip clock-distribution delay. This technique shrinks setup,
hold and clock-to-output timing and effectively improves
the FPGAs 1/0 performances, but it also requires that the
input clock complies with tight specifications in terms of
cycle-to-cycle jitter [7]. This is the instantaneous displacement
from the ideal position in sequential, adjacent clock edges. In
our test, we have measured the receiver POCLK cycle-to-cycle
jitter with a jitter analysis package [8] running on a 4 Gsample/s,
1-GHz bandwidth oscilloscope. During the test, we sent across
the link a 2°! — 1 PRBS, clocking the transponder transmitter
with the Tester clock source (<10 ps rms jitter). The jitter
distribution is displayed on the oscilloscope screen (Fig. 7) with
the relevant statistical parameters and shows a peak-to-peak
value of +350 ps. The SpartanII-E family specifies a maximum
value for this jitter of +150 ps. We conclude that the advanced
clocking circuitry should not be used when feeding the FPGA
with the transponder’s POCLK.
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The BER performance test is widely used as an overall valida-
tion of a data link. It is expressed by the ratio between the bits re-
ceived incorrectly, or “errored,” and all the transmitted bits. This
test requires sending patterns that emulate real traffic across the
link and checking the received data against the transmitted ones.
‘We used PRBS with different lengths—in the range from 27 — 1
t023! — 1, Integrating all the conducted tests, we can set the BER
upper limit to 10~ with a confidence level of 95%.

It takes a very long time to characterize a device with a direct
BER measurement—up to months in our case. Optical layer
measurements allow probing the signal integrity and checking
accurately the compliance with the standard specifications in a
reasonable amount of time. Amplitude modulations, data rate,
and timing jitters can be observed simultaneously performing
a mask test on an eye-diagram obtained with a PRBS. The
“mask™ is a standard-specific template of an inner and two
outer keep-out regions. During the test, the mask is super-
imposed to a bit-rate period delimited by level transitions in
the data. Amplitude distortions or excessive timing jitter push
the waveforms in the restricted regions, violating the standard
specifications. In our test, the signal on the fiber is first O2E
converted and then acquired by a high-bandwidth sampling
oscilloscope. The trigger is derived from the word clock PCLK
generated by the transmitter. The screenshot in Fig. 8 shows a
231 _ 1 PRBS stream on the fiber (top) and the standard OC-48
mask recalled from the oscilloscope library and overlaid on a
bit interval (bottom).

VII. THE MARKET TREND

AGERE introduced the CA16 Translight SONET
transponder on March 2001. In October 2002, following
the serious crisis in the telecom market, AGERE sold most of
the optoelectronic business to TRIQUINT [9], including the
DWDM product line.

In this transition, many devices have been discontinued.
The CB family has superseded the previous CA transponders,
including the CA16. The CB64 transponder [10] supports
bidirectional OC-192 (9.95 Gbit/s) SONET hierarchy, seri-
alizing and deserializing 16-bit data words and replacing the
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mature LVPECL with LVDS I/O standard. Like the CA, the CB
transponder is available for all the ITU channels with 100 GHz
spacing, but it lacks the tunable laser and its reach is limited
to 40 Km. The new family has the same form factor of the
CA-class devices.

According to the data sheets, all of the CA’s features are
present in the CB design, which offers a tremendous step
forward in the design of a DWDM network. However, design
strategies and issues we have addressed in the CA16 tests still
apply to the new transponder family.

In June 2002, industry leader manufacturers announced
a DWDM Pluggable Transceivers Multi Source Agreement
(MSA)[11]. This Agreement establishes a standard that spec-
ifies package outlines, pin function definitions, optical and
electrical interfaces and characteristics for DWDM transpon-
ders. A standard is essential to lever a wide adoption of the
DWDM technology, protecting investments and research.
MSA compliant transponders have been announced for OC-48
SONET applications, and they will be available on the market
soon.

VIII. CONCLUSION

We investigated the possibility to use DWDM in the design
of future DAQ systems. In this framework, we focused on the
integration of the transponder with an FPGA-based controller.
The tests covered the main timing and functional issues which
should be addressed in the design of the controller logic.
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The presented results show that data scrambling and
rewiring issues can be handled by low-cost FPGAs such as
the Xilinx Spartanll-E. Their timing is compatible with the
OC-3 transponder’s parallel /O, even if the advanced clocking
circuitry is not used. Application notes and VHDL-based codes
address the SONET data scrambling and alignment issues [12],
[13], simplifying the design of a custom transponder controller.

The transponder guarantees synchronous phase-locked oper-
ations between transmitter and receiver with a low and deter-
ministic latency. Front-end and readout electronics could enter
a DWDM network using a specific wavelengths and transfer
time-critical detector and trigger data. The network can simul-
taneously handle on the same fiber also telecom, computer and
heterogeneous data without interfering with the real-time DAQ
traffic. :

Concerning costs, in 2002 the CA 16 was bought for a price of
~1S$7000, approximately five times the cost of an equivalent
solution based on optical Gigabit Ethernet hardware. The prices
should decrease with the increasing availability of DWDM
transponder compliant with the Multi Source Agreement.
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