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ABSTRACT

The rising performance of broadband connec-
tions for residential users, particularly in con-
junction with fiber to the home, will present a
new challenge for telecom operators in the short
and medium terms: how to deliver the high bit
rate digital signals with high quality-of-service to
all consumer devices scattered inside the build-
ing of final users? Among the many different
solutions for the home network, we review in
this article the use of polymer optical fibers for
short-reach and high-capacity optical communi-
cations for residential customer premises. POF
is an easy-to-install, low-cost, and eye-safe solu-
tion for these networks, with the potential of
being future-proof. In this article the state of the
art in POF technology is presented by summariz-
ing significant results achieved in the European
project POF-ALL. Data transmission rates of
more than 1 Gb/s over 50+ m and 100 Mb/s
over 200+ m of standard step-index POF have
been shown.

INTRODUCTION

Optical fiber access technology (e.g., fiber to the
x [FTTx]), all different flavors of very-high-speed
digital subscriber line (VDSL), coaxial, and
hybrid fiber coax (HFC) technologies, is carrying
very high-bandwidth and high-quality-of-service
(QoS) connections toward residential customers
today, and in the near future will provide data
rates of 100 Mby/s or higher. The development of

solutions for the very last part of this network,
sometimes called the edge network (i.e., for
short-reach access inside customer premises and
individual living areas), has been mostly neglect-
ed so far but, surprisingly, may become the bot-
tleneck of the entire communication system.
Supplying QoS and always available data con-
nection at a high data rate to the very end of the
edge network (customer devices) will be a key
requirement for telecom operators and service
providers to successfully place their products on
the market. In addition, the reliability of the net-
work for services like Internet Protocol TV
(IPTV) and video on demand (VoD) is of utmost
importance to the customer, especially when
high-definition video content with low packet
error tolerance and low latency time is requested

[1].

Besides these technical requirements, two
fundamental and somewhat parallel require-
ments must be satisfied for these connections:
low cost and extreme ease of installation. Ideal-
ly, the final customer should be able to build
his/her small network inside the building, with-
out the need for a professional installer.

Today, two approaches can be assumed for
in-building networks [2]:

* Wireless approach: Many radio-based data
transmission systems like wireless local area
networks (WLANSs, IEEE 802.11), Blue-
tooth, GSM, HSDPA, and long-term evolu-
tion (LTE) allow the user to have a finite
range of mobility accompanied by a medi-
um and inconstant data rate.
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Wireline approach: Unshielded twisted pair
(UTP), coax, HomePNA, power line com-
munication (PLC), optical fiber links (sili-
ca/glass single-mode, silica/glass multimode,
polymer optical fibers [POFs]) provide
potentially higher data rates and QoS, but
no mobility.

When using a shared media approach (e.g.,
today’s wireless, PLC, and coaxial LAN tech-
nologies), the QoS cannot be fully guaranteed
without a robust medium access control (MAC)
strategy, as terminals are competing for their
share of the total bandwidth available. Regard-
ing cabled solutions, UTP is still the most fre-
quently installed solution but, with respect to
rising metal prices and sensitivity to electromag-
netic interference (EMI) as well as installation
regulations to stay far from power lines, this
solution is not ideal in home networking.

The combination of high demand in data rate
and guaranteed QoS is easily met by optical
communications systems, together with complete
EMI immunity and no regulatory problem with
coexistence in powerline ducts. Traditional silica
fiber solutions could principally be used, but
they need to be installed by well trained and
skilled technicians, which inhibits this solution to
be low-cost. For new cost-efficient installations
as well as reinstallations by do-it-yourself
installers, POF could be a promising solution for
home networks.

The first real field installations of POF-based
home networks providing triple play services
(IPTV, voice over IP [VoIP], and data) for fast
Ethernet have successfully been installed and
tested by some telecom operators such as Swiss-
com [3].

While today POF transceivers are limited to
relatively low bit rates (in the 100 Mb/s range),
the goal for the POF-ALL project was defined to
extend the limit to the gigabits per second range
over several tens up to 100 m, and 100 Mb/s
transmission distances to more than 200 m,
respectively, by adapting higher order modulation
schemes (e.g., pulse amplitude modulation [PAM]
or multicarrier modulation [MCM)]) and selecting
suitable optoelectronic components to meet spe-
cific requirements of POF links. By demonstrat-
ing these achievements, POF-ALL will be able to
show that installing POF into in-building net-
works would be a future-proof solution.

POF FOR SHORT-RANGE
OPTICAL COMMUNICATION

POF OVERVIEW AND MARKET

Polymer or plastic optical fibers (POFs) have
been largely used in industrial automation for
more than 20 years in applications like
PROFIBUS, INTERBUS, and SERCOS, and in
harsh environments. Furthermore, POFs are
deployed in millions of vehicles serving a multi-
media oriented systems transport (MOST) bus
with data rates of 25 Mb/s, 50 Mb/s, and 150
Mb/s (MOST150) [4]. For in-vehicle camera sys-
tems, transmission via POF in the range of 1
Gb/s is currently being studied. In recent years
POF also gathered importance in consumer ori-
ented applications like optical audio signal trans-

mission and is now challenging many coexisting
technologies in the networking market.

The success of POF has been driven mainly
by its technical characteristics. It is a low-cost
material — standard POF is made of polymethyl-
methacrylate (PMMA) — and it occupies less
space and weight than copper [5]. Other advan-
tages include complete galvanic isolation and
immunity to external EMI, which allows POF to
be installed adjacent to copper cables in the
same cable ducts or harnesses.

The main advantage of POF for these mar-
kets is that it is much easier to install than multi-
mode glass fiber, thanks to its larger core.
Standard POF has a 1 mm diameter, which
allows easy fiber cutting, termination, and hence
low-cost installation of the terminals. POF tech-
nology is eye-safe, and the use of visible wave-
lengths — the attenuation minima of POFs are
in the visible region — eases the functionality
check of the network.

Additionally, POF connections are extremely
tolerant to residual dust on the terminal faces —
a major issue, on the contrary, for glass fiber
connectors. Preparing POF connections with or
even without connectors, especially interesting
for do-it-yourself installations in apartments,
requires no more than one minute and no spe-
cial tools [6].

Recent developments in POF and the tele-
com markets have indicated that POF is begin-
ning to make inroads in the telecom business.

POF is enjoying significant growth in a wide
range of applications due to its ease of use, large
core tolerances, and low cost. It is now used in
millions of small area networks, such as those in
many car models, and is rapidly growing in home
networks and interconnection. The POF market
was estimated to be worth over US$1.6 billion/
year by the end of 2008 (Beach Communica-
tions) with an annual growth rate of more than
20 percent. According to IMS Research, the
home networking market will more than double
in 2009, reaching an installed base of nearly 100
million units compared to 42.5 million units in
2005.

The current home networking market has
mainly been driven by the availability of broad-
band (> 1 Mb/s) connections to the wide area
network for Internet surfing and emailing. IPTV
and VoD services with future high definition
content will accelerate the growth, although it is
not only the connection to the Internet world
that counts. Interaction between devices in the
building and growing demand for intelligent
home automation, control, and new lifestyle fea-
tures will lead to a rapidly growing market.

Comparing the costs of POF with a still man-
ageable amount of sold devices and fiber to cur-
rent alternatives as UTP cabling, the fiber costs
themselves are currently comparable to the cop-
per-based alternative, although for the entire
system much lower installation costs for POF
will compensate for slightly higher cost due to
the need of converters. With the perspective of
growing markets for POF and demand for QoS
and high data rates provided by a POF-based
backbone, the costs will drop significantly. Cur-
rent information regarding POF, its technology,
and further information can be found in [7].
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B Figure 1. Definition of the edge network infrastructure (the different line colors indicate different segments

of the network, see Table 1) [§].

EDGE NETWORK ARCHITECTURES

Observing international housing conditions, the
home network appears to be quite heteroge-
neous. While a majority of North Americans live
in detached houses, in Europe apartment hous-
ing is predominant, and in Asian cities multisto-
ry buildings are common. For these different
needs the topology of the edge network has to
be defined. Due to its capillarity, the edge net-
work is the most expensive part of the access
network. It includes interbuilding, intrabuilding,
and apartment cable connections, as depicted in
Fig. 1. Different POF-based solutions are sug-
gested for different types of data transmission.
The equipment for each network type must meet
specific technical requirements (Table 1). Inter-
and intrabuilding networks are mainly installed
by telecom operators or home builders, whereas
apartment networks are normally installed by
private customers.

THE POF-ALL PROJECT

The Paving the Optical Future with Affordable
Lightning-Fast Links (POF-ALL) project aims at
developing a technology to allow delivery of
100+ Mb/s symmetrically to residential users at
costs far lower than existing alternatives, thanks
to the use of POF [9].

POF-ALL shall prove that POF can radically
ease installation difficulties and reduce costs
while providing ample bandwidth, making it an
interesting alternative for edge networks. It is
explicitly focused on large 1 mm core fibers
based on PMMA material, in either the tradi-
tional step-index (SI-) version or the recent
graded-index (GI-) version. Two main technical
directions are investigated in the POF-ALL pro-
ject, and results of these research activities are
presented in this article:

* Medium-range transmission at 100 Mb/s

(fast Ethernet) over distances above 200 m,

using standard 1 mm SI-POF, with a final
target of 300 m
» Short-range transmission at high speed (1
Gb/s and more) over distance > 50 m with
a target of 100 m using 1 mm SI- or GI-
POF
Table 1 is a summary of the main specific
attributes for the three network types and corre-
sponding POF-based network solutions proposed
within the two research fields of the POF-ALL
project.

TECHNICAL GOALS AND
ACHIEVEMENTS

The technical goals are divided into the two
research fields of the project: medium-range and
short-range developments. Each field is split into
one baseband and one orthogonal frequency-
division multiplexing (OFDM) approach, fol-
lowed by a view of components and fibers.

MEDIUM RANGE PROGRESSION

Baseband 8-PAM Approach — Since the
bandwidth length product of a standard SI-POF
is currently given at around 50 MHz - 100 m
[10], true binary baseband non-return-to-zero
(NRZ) modulation cannot achieve data rates
higher than 100 Mb/s at a distance far greater
than 100 m. Consequently, multilevel baseband
transmission was developed to achieve 100 Mb/s
transmission over 200+ m. Due to the strong
modal dispersion in 1 mm SI-POF over a dis-
tance of 300 m, the available bandwidth is on the
order of around 15 MHz (maximum rates up to
28 MHz). Thus, bandwidth-efficient multilevel
transmission is required. A proprietary and opti-
mized proprietary transmission protocol based
on direct baseband 8-PAM coupled with pre-
and post-equalization is needed. The system that
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Specifications POF-based solution

* Transmission system based on VINAX-CPE, VDSL2 standard compliant
* Connections between buildings or short  circuit from Infineon for VDSL2 CPE applications
Interbuilding FTTH connections * 520 nm POF transceiver
network * Distance < 300 m * System price is approximately the same as the electrical VDSL2 system
¢ Data rate fixed: 100 Mb/s fast Ethernet * The system requires high-quality POF connectors like EM-RJ or SC-RJ
and professional installers.

* Connections from building entry to the

R ———— ¢ Pluggable 470 nm simplex POF small form pluggable (SFP) transceiver

Intra-building . . and switches with 100 Mb/s SFP ports
network © DiETEEE < 20 * Due to resistance of EMI, POF can use the existing ducts for electrical
¢ Data rate: 100 Mb/s fast Ethernet, . !
. wires
prospective 1 Gb/s
Apartment ;oizznme::'é):\lsilom apartment entry to * Subcarrier modulation-based transceiver
p ; * Due to resistance of EMI, POF can use the existing ducts for electrical
network * Distance < 50 m

¢ Data rate fixed: 1 Gb/s Ethernet

wires

B Table 1. Specifications and available POF-based solutions for edge network topologies.

has been proposed thus requires advanced digi-

tal signal processing (DSP) algorithms and is

based on the following blocks (Fig. 2a):

* Conversion of the input binary data stream
into 8-PAM, with (optionally) the addition
of forward error correction (FEC) coding
to improve transmission resilience.

* Precompensation filtering on the §-PAM
signal. This is performed by an 8-tap finite
impulse response (FIR) filter with a high-
pass response that partially precompensates
for the bandwidth limitation of the POF
channel, and an ad hoc algorithm to com-
pensate for the LED’s nonlinearity.

¢ Digital-to-analog conversion of the resulting
signal, and application to a green (520 nm)
wavelength LED with suitable driver hard-
ware.

* At the receiver side, detection of the incom-
ing optical signal using a high-performance
PIN photodiode followed by a trans-
impedance amplifier and a (linear) auto-
matic gain control circuit.

* Analog-to-digital conversion, followed by
DSP-like clock recovery and blind adaptive
equalization.

* Demodulation from 8-PAM to binary.

The advanced DSP proposed here is current-
ly prototyped using a high-level field pro-
grammable gate array (FPGA). It has been
demonstrated that this architecture is capable of
transmitting 140 Mb/s line rate (for a net data
rate equal to 100 Mb/s) over a full experimental
prototype of 200 m standard SI-POF. The result-
ing transmission system was error-free after 200
m, showing the eye diagram represented in Fig.
2b. Additionally, a bit error rate (BER) of 10-3
after 275 m was obtained. Using FEC, it can be
made error-free. This is a very good result that
outperforms most demonstrations done in the
past. It was achieved thanks to a combination of
the following technical solutions that allowed the
available power budget to be greatly increased:

* Use of green wavelength LED sources,
where the POF attenuation is much lower
than in the red region. Transmission over
more than 200 m would be absolutely

impossible in the red, while in the green it
gives a reasonable attenuation of approxi-
mately 20 dB.

* Improved sensitivity receiver, using the lat-
est large area photodiodes.

* Advanced digital signal processing, includ-
ing the use of FECs.

OFDM/VDSL Approach — Today, no commer-
cial solutions are available for a highly band-
width-efficient transmission method for SI-POF
in the medium range (200+ m). The use of
MCM, also called OFDM or discrete multitone
(DMT), as a bandwidth-effective, noise protect-
ed, and adaptive method for transmission over
SI-POF has been investigated. Following the
analysis of the features of different MCM appli-
cations (number of tones, tone spacing; bits per
tone; required bandwidth; possible spectral effi-
ciency, etc.) the choice is to use existing VDSL2
as the basic technology for the required fast Eth-
ernet transmission over 200+ m. The major fea-
ture of MCM is the division of the spectral
bandwidth into several thousands of equidistant
tones with a signal-to-noise ratio (SNR) depend-
ing on the number of bits modulated by quadra-
ture amplitude modulation (QAM). With a
maximal spectral efficiency of 15 b/s/Hz corre-
sponding to 15 b/tone, VDSL2’s theoretical max-
imum bit rate for a 17 MHz available bandwidth,
4.3125 kHz tone spacing, and 4096 tones is, as
the sum for both directions, 245.76 Mb/s. For 30
MHz, with double tone spacing and 3478 tones,
417.36 Mb/s can be achieved. Furthermore,
there are existing plans to transmit within a
bandwidth of 35.328 MHz (8192 tones and a
tone spacing of 4.3125 kHz). In this case the
maximum aggregate bit rate would be 492 Mby/s.
The idea to use MCM for fast Ethernet trans-
mission over SI-POF was proposed in [11]. In
2007 three generations of demonstrators were
created. The block diagram of the demonstrator
is shown in Fig. 3a. The first and second genera-
tions are based on evaluation boards from a
VDSL2 chip set manufacturer. For the third
generation two printed circuit boards (PCBs)
were developed, one for data processing and the

IEEE Communications Magazine * August 2009

61



Today, no commer- | ~ wTIoToToTomommmoooooeo oo omToo oo omToToToTomooToToToToooootoooe
Digital signal processing blocks
implemented inside a FPGA

clal solutions are
available for a highly
bandwidth efficient

8-PAM Pre- LED
> » equalizer —>{ nonlinearity
modulator (FIR) compensation

DC- FEC
balancing "| encoder

transmission method
for SI-POF in the

8b/9b RS(511,479)

medium range
(200+ m). The use

of Multi Carrier

Modulation, also
called OFDM or Dis-
crete Multi Tone, as
a bandwidth-effec-
tive, noise protected,

and adaptive (a)
POF
method for transmis- @

Analogue
optoelectronics

D/A _ LED
converter " driver 2

sion over SI-POF has

been investigated. Photodiode AoC AD ‘
i and TIA converter 4 i
E Analogue :
] optoelectronics i
L . 2
v, *Clock | | Adaptive | | SPAM | | mc | | sbeb 5
E recovery "| equalizer " ke decoder decoder :
; DEII\SIS Digital signal processing blocks  |i
' implemented inside a FPGA '

Setp Measure Calbrate  Utilities Help 13Dec 2006 1651 m

10.0 mv/div 200 mv/div 50 uWi/div 4) 100 m\i/div | Time:2 0000 bits  Trig: Nomnal atiem
ﬂﬂ.ﬂ\l‘ l .2.9 my l 00W a 00V l wﬂﬁa hits I g’l My | E rﬂﬂk

(b)

H Figure 2. a) System setup.

62 IEEE Communications Magazine ¢ August 2009



Upstream Downstream
Fast Ethernet £ Fast Ethernet
A A

Frequency in MHz

' * N\ ' N\
Optical O Optical
IE transmitter receiver
(die mount SI-POF (SFH 250 pin
VDSL2- 520 nm LED) lede)
(a) board Q
Optical L,
CPE RX |« receiver | SI-POF
A\ J A\ J

0,00 2,21 442 6,62 883 11,04 13,25 15,46 17,66 19,87 22,08 24,29 26,50 28,70 30,91

15 39
B Upstream
12 B Downstream
SNR
[
= 26 @
REE - S ... B ... |l IS [ 2
(b) 3 £
a
SO N B B B 135
o
3 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0 0
0 256 512 768 1024 1280 1536 1792 2048 2304 2560 2816 3072 3328 3584
Tone

B Figure 3. a) Block diagram of demonstrators; b)

other for the optical part. A third-generation
demonstrator was built to be used in a rack with
an EM-R]J optical interface. All demonstrators
have been tested and were found to be fully
compatible with IEEE 802.3 (100Base-T) and
RFC 2544. The test results for 100 Mb/s full-
duplex show an average latency of around 1.1
ms, 0 percent packet loss, and 100 percent
throughput for all packet sizes.

In parallel to the practical realization of the
demonstrators, theoretical investigation with the
aim of finding the limits of data transmission
were conducted and showed good matching with
the practical results. Figure 3b presents the SNR
and bit allocation for 200 m duplex SI-POF with
a specially created band plan and a resulting
aggregate bit rate of 216.7 Mby/s.

SHORT-RANGE PROGRESSION

Baseband Gigabits per Second Approach —
Due to its exceedingly high modal dispersion, at
gigabits per second bit rates the SI-POF is not
easily usable, unless, as described, very advanced
modulation techniques are used. As a result, in
order to stick with standard binary NRZ code, a
new GI-POF (the graded core refraction coeffi-
cient reduces the influence of modal dispersion)
like the OM-Giga from Optimedia [5], recently
released to the market, was chosen. As PMMA.-
based fiber it still has potential as a low-cost
alternative to perfluorinated (PF-)POFs [5], and
at the same time provides a much higher band-
width length product than standard SI-POF,
because of its graded index core that mainly
reduces the limiting influence of modal disper-
sion. Using GI-POF, the problem of transmitting
at gigabits per second rates is then shifted from
the fiber to the optoelectronic components; the
transmission system hence requires high-speed
red light sources (650 nm) on the transmitter

SNR and bit allocation for 200 m duplex 1 mm SI-POF.

side. Moreover, large area receivers (effective
area in the 1 mm range) are necessary. Both
requests are very uncommon in optical data
transmission, so the main focus in this approach
is on evaluating different light sources, photodi-
odes, and sophisticated driving concepts. As a
transmitter, a common red edge-emitting laser
designed for DVD player applications with a 3
dB cutoff frequency well above 1 GHz is used.
Even cheap devices built for DVD applications
can be used for high-speed data transmission,
thus taking advantage of mass production and
consequent low cost.

On the receiver side different concepts are
investigated to achieve high data rates with
large-area receivers. One approach is the utiliza-
tion of elaborate driving concepts. These include
special photodiode structures as well as low-
input impedance transimpedance amplifiers and
voltage upconversion to minimize capacitance
and carrier drift time. The other approach is the
application of concentrating optics on small-size
photodiodes.

A transceiver prototype capable of 1.25 Gb/s
has been realized. The transceiver fulfills not
only technical guidelines, but also economical
and environmental ones like eye safety, low cost,
long lifetime, and the demands of mass produc-
tion. The transceiver can be seen in Fig. 4, which
shows a photograph of the current prototype
transceivers developed inside POF-ALL. Two
different small form factor gigabit transceivers
are assembled, one in the typical POF SMI style
(black housing) and one in an SFF style with an
EM-RJ connector (silver). Today, prototypes for
these transceivers are available.

First tests on a full transmission link show a
sufficient eye diagram after 50 m at 1.25 Gb/s line
rate, completely compatible with Gigabit Ethernet
standards in terms of jitter and eye mask.

|
As a transmitter a
common red edge-
emitting laser
designed for DVD
player applications
with a 3 dB cut-off
frequency well above
1 GHz is used. Even
cheap devices built
for DVD applications
can be used for
high-speed data
transmission, thus
taking advantage of
mass-production and
consequent low cost.

IEEE Communications Magazine * August 2009

63



|
As the demand for
POF systems sup-
porting data-rates in
the Gb/s range is not
only growing in the
home networking
segment but also in
the traditional POF
markets automotive
infotainment net-
works and industrial
automation, the
question arises
whether the already
deployed and widely
available T mm SI-
POF can still be used.

Eye Jitker-FP
164.6 p&

Eve Wwidth A
£49,1 p5 A

Fall Tine .
329,1 p5

Moise Max
285.7 mW

Moise 0
2857 mW

Moise 1 ;
214.3 my A

QA
1071.4 m¥

Center
0 m¥

Rise Time
297.1 p5

Unit Interval
00,0 p5

WETD

v Megiure > > 1,193 ps \ddd per Div

| Pan | 00:01:19  [NNAARAREE

Center 160 ps

]

Gen: PRES-7 1,250.00 Mbit= Det: PRES-7 1,250.00 Mbit/s BER.: 0.00E+00

B Figure 4. Gb/s transceiver modules and eye diagram of a 50 m GI-POF link.

OFDM Gb/s Approach — Advanced modula-
tion formats such as PAM and DMT always add
additional items to the bill of materials as they
require modified analog and possibly also digital
electronics [12]. Nevertheless, if the overall per-
formance of the POF system is compared to the
common NRZ modulation approach, they offer
the potential for substantial benefits in terms of
both cost and reliability.

As the demand for POF systems supporting
data rates in the gigabits-per-second range is not
only growing in the home networking segment
but also in the traditional POF markets of auto-
motive infotainment networks and industrial
automation, the question arises of whether
already deployed and widely available 1 mm SI-
POF can still be used. This would obviate devel-
opment, test, standardization, and installation of
new fibers and cables, and therefore substantial-
ly ease their market entry. A further prerequisite
for broad acceptance of gigabits-per-second sys-
tems not only in home networking is their relia-
bility even in harsh environments, such as

temperatures above 70°C. In this respect the use
of LEDs in the transmitter would be more bene-
ficial than lasers. Furthermore, LEDs do not
require monitor photodiodes for the detection of
threshold drift, do not show sudden death behav-
ior (like vertical cavity surface emitting lasers
[VCSELs]), and underlie relaxed eye safety reg-
ulations.

Unfortunately, both the use of the 1 mm SI-
POF for lengths in excess of approximately 10 m
as well as the use of LEDs in the transmitter do
not yield sufficient bandwidth for NRZ modulat-
ed data transmission at 1 Gb/s without equaliza-
tion. However, recent laboratory studies have
revealed that transmissions of 1 Gb/s over 100 m
SI-POF can be realized by the use of a red DVD
laser diode using MCM [13]. Furthermore, it has
been demonstrated that advanced modulation
formats such as PAM combined with decision
feedback equalization as well as DMT allow
transmission with data rates in excess of 1 Gb/s
with an LED-based transmitter over up to 50 m
standard 1 mm SI-POF.
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B Figure 5. a) Frequency response of the transmission channel with 650 nm LED, fiber, and photo receiver for fiber lengths of 1 m

(green line) and 50 m (red line); b) equalized 1.25 Gb/s 4-PAM eye diagram; c) QAM constellations of a 1.106 Gb/s DMT signal both

after transmission over 50 m standard 1 mm SI- POF.

Figure 5 shows results of hardware-in-the-
loop experiments employing a 650 nm reso-
nant cavity LED with a 6 dB electrical
bandwidth of approximately 150 MHz and a
fiber coupled output power of -1.5 dBm at a
DC bias in the range of 20 mA. The LED is
driven by the output of a digital-to-analog con-
verter continuously repeating a precalculated
digital waveform. After transmission the signal
is received, and the waveform is recorded with
an oscilloscope. Using 4-PAM modulation
combined with decision feedback equalization,
a 1.25 Gb/s signal has been transmitted over a
50 m SI-POF link with a total BER of 2 x 10-3.
Using, say, a Reed-Solomon code, the data
can be corrected to a BER below 10712, In a
further experiment a DMT signal with 256
subcarriers was transmitted. A bit rate of 1.07
Gb/s was loaded onto the individual subcarri-
ers according to their received SNRs. The
BER was evaluated to 4 x 10-4. Therefore, it
can be concluded that advanced modulation
formats offer the potential for reliable giga-
bits-per-second short-range POF systems at
overall low system cost.

For all transmission lengths and data rates,
we experimentally verified that there is negligi-
ble penalty coming from modal noise, speckle
pattern, and mode partition noise. While these
effects are significant in glass multimode fiber,
they are irrelevant for large core POF. More-
over, it can be advantageous to use large core
fibers, because modal noise is being reduced for
a given aperture or cross-section mismatch in a
fiber-fiber coupling. The modal noise variance
decreases with the number of guided modes,
which is in the range of some millions for a 1
mm SI-POF.

COMPONENTS AND FIBERS

For system development with the best possible
performance, a high number of components and
fibers were investigated. For low-speed (100
Mb/s) transmission over large distance (200+ m)
using advanced modulation schemes the main
focus is the power budget of the transmission
link. Likewise, high linearity is required in order
to avoid intersymbol interference and provide
equal distances of signal levels in a multilevel sig-
nal. For high-speed transmission a large band-
width must be achieved while dealing with a fiber
with large diameter and high numerical aperture.

Optical sources for low-speed transmission
with a focus on LEDs have been identified to
best fulfill the requirements with the following
characteristics:
* Green emission wavelength (lowest POF

attenuation)
* Output power coupled into the fiber above

0 dBm
* Small signal bandwidth close to at least 30

MHz
* Nonlinearity control

Suitable LEDs have been investigated in
great detail, and a special LED, originally pro-
duced for illumination purposes by OSRAM, has
been identified to deliver the best performance.
Investigating the LED’s nonlinearity, only a few
selected LEDs among those commercially avail-
able in the optoelectronic market are suitable
for medium-range applications and have there-
fore been used throughout the project. For mass
market POF transmitter production the design
of these LEDs has to be especially adapted to
data transmission applications by reducing its
serial resistance in order to achieve acceptable
rate of yield.
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For short-range high-speed transmission (1
Gb/s) a variety of laser sources have been inves-
tigated with respect to bandwidth, laser power,
reliability, and cost aspects. A red edge-emitting
laser seems to be the most promising device for
gigabit-per-second transmission over PMMA-
based POF. Red VCSELs might be interesting
in future applications, but still the temperature
behavior and lifetime are open issues.

Additionally, investigations have been carried
out for the optical receivers also addressing the
two main research topics. High sensitivity was
the main requirement for medium-range trans-
missions, whereas high bandwidth was required
for short-range communications. For low-speed
high-sensitivity applications, special coupling
optics have been developed that are especially
effective with small-size photodiodes. However,
the use of large-area photodiodes is also possible
for low-speed applications, and coupling optics
are not necessary to achieve good sensitivity.

For designing commercial products with spec-
ifications on transmission performance, besides
optoelectronic devices, the requirements of the
transmission path (the fiber) must be defined.
Various commercial off-the-shelf SI-POF (Mit-
subishi, Toray, Ashai, Luceat) and GI-POF
(Optimedia) were tested with respect of attenua-
tion for various wavelengths, bandwidth length
products, and bending losses. It has been agreed
to set the following values as minimum require-
ments for standard SI-POF 1 mm core diameter
PMMA fibers:

* Attenuation:
< 160 dB/km @ 650 nm £10 nm
< 90 dB/km @510 nm %20 nm

e Bandwidth length product:
> 40 MHz - 100 m @ 650 nm (max. Luceat
56 MHz - 100 m, 28.3 MHz - 300 m, respec-
tively)

* Bending loss:
< 0.5 dB @ 25 mm bending radius

In order to place products in the POF mar-
ket, the fiber specifications must be internation-
ally standardized. In the next chapter the current
status and activities in standardization for POF
are addressed.

STANDARDIZATION

Recently, POF technology research teams are
focusing on giving suggestions to international
standardization bodies in order to fit the higher-
level POF qualities that are already available to
a tightened standard for SI-POF. Today, POFs
are specified into eight different classes in the
IEC 60793-2-40 standard [14]. Classes Ada to
Ad4c describe the step index type PMMA-based
POF. The 1000 um diameter includes the most
frequently used POF, for example, in car net-
works (MOST, Byteflight, D2B, IDB 1394), in
automation, and in home networking (IEEE
1394, fast Ethernet). The 500 um POF is mainly
used in some sensor applications and fiber rib-
bon cables. The 750 um POF is only used in
some special applications.

The class A4d describes a step index fiber
with reduced numerical aperture (0.30 = 0.05 or
0.25 * 0.07 in different versions). In fact, a low-
NA fiber (only one optical cladding) will only

allow minimum bending radii of about 50-70
mm, which is not acceptable in real-life applica-
tions. On this account the main POF manufac-
turers developed double step index profile POF
(offered again as low-NA-POF) in 1995 (at this
time specifically for the ATM Forum specifica-
tion for 155 Mb/s). The main differences of the
specified values of A4d to the actual Ada are
reduced loss in equilibrium mode distribution
(EMD) conditions (180 dB/km compared to the
former 300 dB/km) and a 10 times greater band-
width length product (100 MHz - 100 m com-
pared with 10 MHz - 100 m).

The standard does not exclusively include
fibers for data communication applications; class
Ada also covers POF for illumination and other
short-distance applications (e.g., sensors). Due
to this fact the values for attenuation and band-
width are far away from the currently reachable
higher quality values. A4a specifies a group for
all kinds of 1 mm POF with also poor perfor-
mance characteristics, so the IEC proposed A4d
as standard for data communications.

This was in total contrast to the goal of the
POF-ALL project, which was focused on the
standard POF A4a. Currently the standardiza-
tion bodies are still studying the affiliation of a
second A4a.2 standard for data communications
with POF, including a value for the fiber attenu-
ation below 180 dB/km @ 650 nm. The IEC was
asked to consider and include the green and
blue windows (~510 nm and ~460 nm) with
even lower attenuation in SI-POFs. Transceiver
devices serving this range are already available
and sold by partners of the consortium.

CONCLUSION

We have reviewed the potential impact of poly-
mer optical fiber technologies in next-generation
home networks, showing the advantages this
optical media can offer with respect to compet-
ing technologies in this sector. In particular, we
showed the most recent technical approaches
and results of the POF-ALL project. With the
goal of pushing the boundaries of large core
POF links for short- and medium-range digital
data transmission we found that multilevel (plus
multitone) techniques have shown to be very
powerful for realizing capacities beyond Gb/s in
highly dispersive POF links. Due to the efficient
adaptation to the frequency-dependent transfer
function of the POF link, multicarrier modula-
tion or, in particular, the OFDM technique cur-
rently provides the best solution for both
medium- and short-range data transmission. Best
results include 100 Mb/s transmission over 200 m
of standard SI-PMMA-POF, and 1 Gb/s trans-
mission over 50 m of SI- and GI-PMMA-POF.
The first result (100 Mb/s) can find potential
application in inter- and intrabuilding applica-
tion where a fast Ethernet signal is to be deliv-
ered, for instance, from an active switch placed
in the basement of a large residential building to
each individual apartment. The second result (1
Gb/s over 50+ m) can be very interesting in
very-short-reach links inside an apartment or a
single-family house, such as for next-generation
high-definition digital TV connections (e.g.,
recently announced Super HD 4K digital video).
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The POF-ALL project has thus paved a long-
term perspective for POF inside the residential
building, showing gigabit-per-second solutions
that should fulfill any reasonable requirement of
residential customers even in the future.
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