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Abstract—The use of standard 1-mm core-diameter step-index
plastic optical fiber (SI-POF) has so far been mainly limited to distances of up to 100 m and bit-rates in the order of 100 Mbit/s. By
use of digital signal processing, transmission performance of such
optical links can be improved. Among the different technical solutions proposed, a promising one is based on the use of discrete
multitone (DMT) modulation, directly applied to intensity-modulated, direct detection (IM/DD) SI-POF links. This paper presents
an overview of DMT over SI-POF and demonstrates how DMT can
be used to improve transmission rate in such IM/DD systems. The
achievable capacity of an SI-POF channel is first analyzed theoretically and then validated by experimental results. Additionally,
first experimental demonstrations of a real-time DMT over SI-POF
system are presented and discussed.
Index Terms—Frequency division multiplexing, multimode
waveguides, optical fiber communication, quadrature amplitude
modulation (QAM), signal processing, subcarrier multiplexing.

I. INTRODUCTION

D

URING the past years, SI-POF has established itself as
the preferred alternative transmission medium for robust
short-distance data communications in fast-growing markets
such as industrial automation networks and multimedia communication in cars. Its main benefits are its robustness to
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electromagnetic interference and mechanical stress, its ease of
installation and connection, its low weight, as well as its low
price.
Nowadays, connector-less SI-POF systems are also available
on the consumer market for in-house networks, supporting various applications such as, e.g., IP-TV distribution in homes [1].
While today’s commercial systems operate at 100 Mbit/s over
up to 100 m of SI-POF, next generation systems are expected
to carry Gigabit Ethernet data over comparable distances.
However, due to its large numerical aperture (NA) of 0.5, the
bandwidth of SI-POF is limited to around 50 MHz 100 m.
This makes the possibility of Gigabit transmission over SI-POF
seem unlikely. Nevertheless, several advanced modulation
techniques have been proposed recently that make this step
feasible [2], [3]. Especially, by combining multicarrier modulation with spectrally efficient quadrature amplitude modulation
(QAM), the first demonstration of 1-Gbit/s transmission over
100 m of SI-POF was reported [2].
An efficient digital implementation of multicarrier modulation is orthogonal frequency division multiplexing (OFDM) [4],
which is already employed in many wireless communications
standards such as Wireless Local Area Networks (WLAN),
Worldwide Interoperability for Microwave Access (WiMAX),
and terrestrial Digital Video Broadcasting (DVB-T), and is also
proposed for next-generation high-bandwidth systems such
as Ultra Wideband (UWB). A similar baseband implementation, discrete multitone (DMT), is already widely used in
copper-based Digital Subscriber Line (DSL) systems [5]–[9].
Considering the industry’s extensive experience and the large
economies of scale, OFDM and DMT are seen as promising
technologies for low-cost, reliable, and robust Gigabit transmission over SI-POF.
This paper focuses on the application of DMT over IM/DD
SI-POF links and shows the use of bit-loading in order to maximize the achievable transmission rate. The organization of the
paper is as follows: starting with a short introduction to the
principle of DMT modulation, a mathematical model for DMT
transmission over SI-POF is then derived and used for calculating the Shannon capacity of a typical SI-POF system. Subsequently, a more realistic numerical approach is used to compute the achievable capacity when DMT is applied over SI-POF,
based on measured frequency response values combined with
the use of the optimum rate-adaptive water-filling algorithm
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[14]. Furthermore, it is shown how a derivative of this algorithm can be used to compute bit-loading, an important feature
used to achieve near-optimum performance in DMT transmission systems. Experiments using DMT and bit-loading are then
performed over different lengths of SI-POF and the results are
compared to the theoretical and numerical capacity values. Finally, a real-time DMT over SI-POF system based on VDSL2
chipsets is presented and its performance is evaluated.
II. PRINCIPLE OF DMT MODULATION
DMT is a multicarrier modulation technique where a
high-speed serial data stream is divided into multiple parallel lower-speed streams and modulated onto subcarriers
of different frequencies for transmission [10]. Usually, each
according
subcarrier stream is mapped onto complex values
to an M-ary quadrature amplitude modulation (M-QAM) condenotes the
stellation mapping, where
is the total number of data-carsubcarrier number and
rying subcarriers used for transmission.
By using the inverse discrete Fourier transform (DFT) to
onto different subcarrier frequencies, the resulting
modulate
subcarriers are mutually orthogonal. In practice, the fast Fourier
transform (FFT) algorithm is used to efficiently implement
information
the DFT function. Furthermore, when the
are used as input values for
symbols
-point inverse FFT (IFFT), where
and the
a
Hermitian symmetry property:

(1)
is satisfied, the resulting output multicarrier DMT time-domain
can be written as
sequence

(2)
is a real-valued, baseband multicarrier signal
The resulting
sample points.
consisting of
The resilience of DMT in a dispersive channel is the result
of parallel transmission and cyclic prefix. Due to parallel transmission of the data, the symbol period is much longer than in
the case of standard serial transmission. Therefore, intersymbol
interference (ISI) affects only a small fraction of a symbol period. By use of a cyclic prefix, this ISI can be easily eliminated
and orthogonality among the subcarriers is ensured [4].
At the receiver, demodulation of the DMT sequence is then
-point FFT, resulting in
accomplished by using a

rected and the information symbols
ulation with the FFT.

recovered after demod-

III. ANALYSIS OF SI-POF CHANNEL CAPACITY
A. Channel Model for DMT Over SI-POF
Before analyzing the capacity of an SI-POF system, the transmitter, channel, and receiver model should first be considered.
For a large number of subcarriers ( 10), a DMT time signal
can be modelled as a zero-mean, Gaussian-distributed process
[6]. In order to efficiently transmit the DMT
with variance
signal over an IM/DD channel such as SI-POF, the signal has
first to be limited in amplitude [7]–[9]. A common and straightforward method to realize this is by clipping the waveform, resulting in a clipped electrical DMT signal

,

(4)

is
where is the maximum allowed amplitude level and
the DMT signal before clipping. The amount of clipping is given
by the clipping factor , which is defined as

(5)
where
denotes the average signal power of the DMT
before clipping. Typical values for lie in the
time signal
range of 2.5–3.5 [7]–[9]. In the rest of the analysis, the value
of will be fixed to 3. It should hereby be mentioned that this
is an approximation to a problem that would otherwise require
mathematical tools that are beyond the scope of this paper [11].
After clipping, a constant dc bias is added to the electrical
to ensure that it is unipolar and suitable for
DMT signal
driving a light-emitting or laser diode. In this analysis, an ideal
transmitter is assumed and the dc bias is set to the value , as
given in (4). This results in an instantaneous transmitted optical
, which is represented by
power

(6)
where is the electrical-to-optical conversion factor in [W/A].
For convenience, is assumed to have a value of 1 and (6)
therefore reduces to

(7)
is a generic zero-mean signal, the average transmitted
As
is given by
optical power
(3)
With a one-tap equalizer, the magnitude and phase shift of each
subcarrier (as a result of channel impulse response) can be cor-

(8)
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After transmission over POF, the optical signal is detected by
a photodetector which is assumed to consist of a photodiode and
a transimpedance amplifier. The received electrical signal from
the photodetector can be written as

(9)
where is the responsivity of the photodiode in [A/W], is
is
the transimpedance gain of the photodetector in [V/A],
the fiber attenuation and
denotes the convolution between
and
.
repthe transmitted optical power
resents the (normalized, electrical-to-electrical) fiber impulse
response. Following measurement results given in [12], the
SI-POF channel can be modeled as a Gaussian low-pass filter
and its frequency response can thus be expressed as

(10)
is the
3-dB bandwidth of the full elecwhere
trical-to-electrical channel. At the receiver side, the only
noise source in the system that is taken into account is additive
white Gaussian noise, which represents the noise introduced by
the transimpedance amplifier in the photodetector.

B. Theoretical Analysis of SI-POF Channel Capacity
Using the channel model derived in Section III-A, the
Shannon capacity of the SI-POF channel is investigated. This
is achieved by reviewing the theory for the evaluation of the
channel capacity for the general case of a receiver characterized
by additive white Gaussian noise with power spectral density
, and a received useful signal with power spectral density
. Following some advanced but well-known results from
information theory [13], the resulting capacity in this case is
given by maximizing the quantity

Fig. 1. Water-filling for POF channel.

where

is an unknown value to be chosen so that

(14)
and
i.e.,

is the functional giving the positive part of its argument,

if
if

(15)

This method is known in literature as water-filling [13], and
has an intuitive explanation given in Fig. 1. For a given
,
finding in (13) means finding the “level” so that the area of
the grey region in the figure is exactly equal to . The meaning
is indicated in the figure using a
of the resulting optimal
thick arrow. Intuitively, the solution allocates most of the power
in the frequency range where the noise is less. In particular, no
power is allocated outside the “critical frequency” , which sat. This parameter will play a key
isfies the equation
role in the following.
By combining (11) with the general result given by (13) and
(14), the capacity of the SI-POF channel can be calculated. Ne, which does not carry any useful
glecting the constant term
information, the received useful signal after photodetection has
a power spectral density given by
(16)

(11)
where
is the power spectral density of the DMT signal
, which is the “unknown” in the optimization problem and
must satisfy the equality set by (12), which can be rewritten in
the frequency domain as

under the constraint

(12)

(17)

The unknown in this problem is the “signal spectral distribution”
that solves this optimization problem.
The solution, based on Lagrange multipliers, is given in [13],
and can be expressed by

, the mean power of a DMT signal
For a clipping factor
before and after clipping is approximately the same. Therefore,
is assumed to be equal to
and (8) can be
written as

(13)

(18)
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Inserting (18) into (17) results in

(19)
which leads to the constraint that has to be met.
By considering flat receiver noise with power spectral density
and using (11), the capacity of the POF channel can be
written as

(20)
with bound given by (19). Equation (20) can be further simplified to

(21)

Fig. 2. Normalized capacity C=f

versus SNR .

through a nonlinear law
SNR that can be easily
computed numerically. SNR represents an “equivalent”
signal-to-noise ratio after photodetection.
— The resulting capacity has a closed form expression in ,
given by

with

defined as the noise equivalent power in
Hz .
is a commonly used figure of merit to characterize the
noise performance of photodetectors. The optimization problem
given by (19) and (21) is equivalent to the general case in (11)
and (12) if we set

(22)
Using the “water-filling” technique given by (13) and (14), and
by explicitly inserting the parameter , the problem is rewritten
as

(23)

with
be formulated as

, which can finally

(24)
This turns out to be a nonlinear problem in the unknown
which can be solved numerically. After some algebraic passages
shown in the Appendix, the following results arise.
, this
— By introducing a new normalized parameter
parameter depends only on

SNR

(25)

(26)
In conclusion, the capacity of the SI-POF channel can be calculated by

SNR

(27)

of the (Gaussian
which depends on the 3-dB bandwidth
low-pass) channel and the equivalent signal-to-noise ratio
SNR given in (25). Fig. 2 gives a general curve for (27) by
as a function of SNR . From this curve, it can
plotting
dB, the resulting
be seen that for a system with SNR
is approximately 10. This means that the channel
capacity in bit/s is 10 times larger than its 3-dB bandwidth
.
Using Fig. 2, the capacity of an SI-POF channel can be
is known. Therefore, measurements have
calculated if its
of different lengths of SI-POF.
been done to determine the
For the measurements, a 655-nm DVD laser diode (LD)
(500-MHz bandwidth) is used as transmitter and a Si-photodetector with transimpedance amplifier (300-MHz bandwidth) is
used as receiver. Bandwidth limitation from both transmitter
and receiver can therefore be neglected. The SI-POF used is
a commercially available Mitsubishi ESKA GH4001, with
a core-diameter of 1 mm, an NA of 0.5, and an attenuation
of approximately 140 dB/km at 650 nm. The measured
values for different lengths of SI-POF are listed in Table I,
together with the channel capacity, calculated based on the
following transmission characteristics.
dBm.
— Average transmitted optical power:
dB/km.
— Fiber attenuation at 650 nm:
— Clipping factor:
.
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SI-POF, mode mixing does not influence the results very much,
indicating that equilibrium mode distribution is reached after
200 m. From the results given in Fig. 3, it can be concluded that
for lengths 200 m, a Gaussian approximation of the channel
response leads to lower capacity values compared to the actual
case. This is also the case when mode mixing is introduced
at the beginning of the SI-POF. Therefore, actual capacity
values of SI-POF can be larger than those calculated in Table I.
However, these values still provide a good estimation for the
SI-POF capacity.
C. DMT Over SI-POF Channel Capacity
Application of DMT over SI-POF requires the use of digital-to-analogue (DAC) and analogue-to-digital converters
(ADC). Due to sampling speed limitations of both ADC and
DAC, the capacity values shown in Table I may not be realistic
when compared to an actual DMT over SI-POF system. In
order to make a more realistic estimation of achievable SI-POF
capacity values when DMT modulation is employed, a bandwidth-limited numerical approach should be used to reevaluate
the achievable capacity.
The key aspect of DMT is to decompose a single frequencyselective communication channel into an equivalent multitone
channel consisting of multiple parallel frequency-flat subchanas a
nels. By limiting the SI-POF system’s bandwidth to
result of DAC and ADC sampling speed and dividing the frequency response into subchannels, the optimization problem
given in (11) and (12) can be reformulated [14] as a problem of
maximizing the total achievable bit-rate

Fig. 3. Measured frequency response for different lengths of SI-POF with a
650-nm laser diode.

— Noise equivalent power: NEP
W Hz.
From Table I, it can be seen that a capacity of 10 Gbit/s can be
achieved for 25 m of SI-POF.
For comparison, the measured frequency response for 50,
100, and 200 m of SI-POF are depicted in Fig. 3. Although the
frequency response of an SI-POF channel can be approximated
well with a Gaussian low-pass function for lengths 200 m [12],
it can be seen that the same does not apply for SI-POF with
lengths 200 m. Especially when the LD is directly coupled
to the SI-POF, a Gaussian approximation of the frequency response (dotted lines) results in large discrepancies at frequencies beyond the 3-dB point. This can clearly be seen from the
curves measured with 100 and 50 m of SI-POF (blue lines). The
difference is caused by mode coupling, where equilibrium mode
distribution is not reached for SI-POF lengths 200 m. This is
due to the low-NA launch by directly coupling the LD to the
SI-POF.
However, when mode mixing is introduced at the beginning
of the link by winding the SI-POF four times around a cylinder
with a radius of 0.5 cm, the results (green lines) resemble the
Gaussian approximation more. Nevertheless, it can be seen
that a Gaussian low-pass is a pessimistic approximation of the
SI-POF channel response for lengths 200 m. For 100 m of
SI-POF, mode mixing reduces the channel bandwidth as a result
of a larger amount of modal dispersion. In the case of 200 m of

SNR

(28)

subchannels used for
which is the sum of the bit-rates of all
transmission. In (28), SNR
is the signal-to-noise
represents the subratio (SNR) of each subchannel, where
channel SNR when unit energy is applied, is the difference
(gap) between the SNR needed to achieve maximum capacity
and the SNR to achieve this capacity at a given bit error probais the allocated energy per subchannel, subject to
bility, and
an energy constraint given by

(29)
is the fixed total available energy for transmission.
The problem is now to find the optimum number of bits per
subchannel, and the corresponding energy distribution per
, in order to maximize the bit-rate. From (28)
subchannel
and (29), it can be seen that , the total number of subchannels
used to achieve maximum bit-rate, does not need to correspond
to the total number of available subchannels . Therefore, the
optimal solution is not always to use all available subchannels
to transmit information.
Similar to (14), the solution is the water-filling method. In
this case, the solution is computed numerically using the optimum rate-adaptive water-filling algorithm as described in [14].
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TABLE II
COMPARISON OF DMT OVER SI-POF CAPACITY AT 650 nm

This algorithm computes the maximum achievable bit-rate for
a given communication channel when the SNR per subchannel
is known. Due to this numerical approach, the measured frequency response values of different lengths of SI-POF are used
for the computation, instead of an analytical Gaussian low-pass
is limited
approximation. The considered system bandwidth
to a Nyquist frequency of 312.5 MHz, which corresponds to the
maximum sampling speed of the DAC (625 MSamples/s) used
for measurements that will be described in Section IV. Moreover, in order to have realistic values for , the noise power
spectral density of the photodetector used for the measurements
is measured and considered in the computation as well.
Table II shows the results. Compared to the results given in
Table I, it can be seen that for short lengths of SI-POF ( 75
m), the numerically computed capacity values are lower than the
theoretical values. This results from bandwidth limitation due to
the DAC and ADC sampling speeds, considered in the computation. For lengths of 75 and 100 m, the capacity is larger because
of the larger bandwidth available, compared to the Gaussian approximation used in the calculation. For lengths 100 m, the
measured frequency responses resemble the Gaussian approximation more and the SI-POF bandwidth dominates above the
DAC and ADC sampling bandwidth. Therefore, the capacity
values are similar to each other.
IV. VALIDATION WITH EXPERIMENTAL RESULTS
In order to validate the capacity values determined in
Section III, experiments with DMT transmission over different
lengths of SI-POF are performed.
A. Bit-Loading in DMT Modulation
An important feature of DMT is the possibility to allocate
the number of bits per subchannel according to its SNR, typically known as bit-loading. There are two categories of bitloading, rate-adaptive and margin-adaptive. Rate-adaptive algorithms maximize the bit rate for a fixed bit-error ratio (BER)
and given power constraint, while margin-adaptive algorithms
minimize the BER for a given bit rate. As the objective is to
determine the achievable capacity over SI-POF, rate-adaptive
bit-loading will be applied in order to maximize the transmission rate.
In Section III-C, the optimum rate-adaptive water-filling algorithm [14] was used to compute the maximum achievable
bit-rate for the SI-POF channel by considering it as a multitone
channel and allocating the optimum number of bits and energy

to each subchannel. Similarly, this algorithm can also be used
to compute optimum bit-loading in DMT modulation. However,
infinite granularity for the number of bits per subchannel is assumed, resulting in non-integer values for the optimum number
of bits per subchannel. Therefore, this algorithm is not suitable
for practical implementation.
An alternative is to use suboptimal finite bit-loading algorithms, such as the Chow’s rate-adaptive algorithm [15]. This
algorithm is based on (28) and starts by discarding the subchannels that are least energy-efficient from information transmission, and redistributing the energy to more efficient subchannels to support higher data rates. The non-integer number of
allocated bits per subchannel are then rounded to the nearest
integer and the corresponding energy is in- or decreased to support the newly allocated number of bits at the same performance.
Chow’s algorithm has been shown to achieve near-optimum performance [14],[15] and will be used in the following to compute
rate-adaptive bit-loading for DMT over SI-POF measurements.
B. DMT Transmission Over 100 m of SI-POF
Fig. 4 shows the experimental setup of DMT transmission
over SI-POF. Using offline processing, a DMT time signal is
computed and loaded into the memory of an Agilent N8241A
arbitrary waveform generator (AWG). The AWG generates the
analogue DMT waveform at a sampling speed of 625 MSamples/s and a resolution of 15 bits. The characteristics of the generated DMT waveform are:
— 256 subchannels, first channel at dc not used;
— 1.2 % cyclic prefix and 1 % preambles;
— 312.5-MHz bandwidth.
The analog electrical waveform from the AWG is then used to
drive a low-cost, commercially available DVD laser diode (655
nm) with integrated ball lens. A dc-bias is added to the bipolar
signal via a bias-tee in order to a have a unipolar signal, suitable for driving the laser diode. The mean transmitted optical
power after coupling into 0.5 m of SI-POF is measured to be
2.5 dBm and the optical modulation amplitude (OMA), as defined in [16], is 5.4 dBm. The same SI-POF used previously
for the frequency response measurements is now used for the
DMT transmission experiment. After transmission over 100 m
of SI-POF, the optical signal is detected by use of a photodetector with an integrated trans-impedance amplifier. The signal
is then captured with a LeCroy Wavemaster 8500 A real-time
digital storage oscilloscope with a nominal resolution of 8 bits
and a sampling speed of 2.5 GSamples/s. This sampling speed is
necessary due to the lack of a phase-locked loop and an appropriate low-pass filter. Additionally, oversampling enhances the
effective resolution of the oscilloscope. The sampling clocks of
the AWG and oscilloscope are free-running and not synchronized with a cable. In a practical system where properly designed components are available, sampling speeds closer to 625
MSamples/s can be used. The sampled DMT time sequence is
then stored and demodulated using offline processing.
Initially, all subchannels are loaded with four information
bits each, corresponding to a modulation format of 16-QAM.
From the received and demodulated DMT signal, the SNR per
subchannel is estimated [see Fig. 5(a)] and used to compute
Chow’s rate-adaptive bit-loading. This results in the bit-loading
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Fig. 6. Received constellations after transmission over 100 m of SI-POF.
(a) 128-QAM, subchannel 29. (b) 4-QAM, subchannel 252.
Fig. 4. Experimental setup for DMT over SI-POF. Tx: Transmitter; Rx: Receiver; LD: Laser diode; PD: Photodetector.

Fig. 7. Evaluated BER per subchannel. Total averaged BER

= 1 10
1

.

Fig. 5. DMT transmission characteristics for 100 m SI-POF. (a) Measured SNR
per subchannel, before and after bit-loading. (b) Bit and power allocation per
subchannel, resulting from bit-loading.

scheme per subchannel as depicted in Fig. 5(b). Note the sawtooth-like power allocation scheme, which is typical for Chow’s
bit-loading algorithm. It can be seen that the peak-to-peak power
deviation is approximately 3 dB, corresponding to the increase
of the required SNR for transmitting 1 additional information
bit using QAM. As a result of power allocation, the stair-caseshaped SNR per subchannel after bit-loading can be noticed
from Fig. 5(a).
An aggregate transmission bit-rate of 1.62 Gbit/s is hereby
. After deduction
achieved for a total averaged BER of
of cyclic prefix, preambles, and 7 % error-correction coding, a
net transmission bit-rate of 1.44 Gbit/s is achieved using DMT
modulation over 100 m of SI-POF.

Fig. 8. Bit-rate-length product for theoretical, numerical, and measured capacity values of different lengths of SI-POF.

Fig. 6 shows two examples of received constellations for the
highest and lowest allocated number of bits used for DMT transmission over 100 m of SI-POF. The BER performance per subchannel is plotted in Fig. 7, evaluated after transmission and rebits). Beception of over 30 000 DMT frames (more than
cause the serial data is transmitted in parallel over subchannels
with DMT, the total uncoded BER of the received transmission
data should be averaged from all subchannels and is calculated
.
to be
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Fig. 9. Allocated number of bits per subchannel for up- and downstream DMT transmission over SI-POF.

C. DMT Over Different Lengths of SI-POF
Similar measurements with DMT transmission have been
performed over different lengths of SI-POF using the same
experimental setup shown in Fig. 4. The optical transmitted
power and OMA are fixed at 2.5 and 5.4 dBm, respectively. The
maximum achievable transmission rates at a BER of
are listed and compared to the theoretical and numerical values
in Table II.
Due to effects such as clipping, laser diode nonlinearity, quantization, and non-ideal sampling, additional noise is present in
the measurement setup. Therefore, the achieved capacity values
with measurements are lower than the theoretical and numerical
values. Nevertheless, transmission rates of more than tenfold
the 3-dB bandwidths are achieved using DMT and bit-loading
over SI-POF.
By calculating the bit-rate-length products from the theoretical, numerical and measured capacity values, a better insight
to the system performance can be gained. Fig. 8 shows these
values as a function of the SI-POF length. For 75 and 100 m,
the numerical values are higher than the theoretical values
because the measured frequency response values were used
for the simulations. These values have higher bandwidths than
the Gaussian low-pass filter approximation for the frequency
response used in the theoretical calculations, resulting in
higher capacity values and bit-rate-length products. For lengths
75 m, the DAC and ADC sampling bandwidths limit the
bit-rate-length products to values below the theoretical calculations (where only the SI-POF channel bandwidth is assumed).
For lengths 100 m, the bandwidth-limitation is dominated by
the SI-POF channel. Therefore, the values correspond more
with each other.
Finally, it can be seen from the measured values that the
highest bit-rate-length product is achieved for an SI-POF length
of 100 m.
V. REAL-TIME IMPLEMENTATION OF DMT OVER SI-POF
In the previous sections, it has been shown that potentially
high bit rates can be achieved over SI-POF using DMT. The
next step is the implementation of a real-time DMT system
and investigation of its performance over SI-POF. By use of

commercially available xDSL chipsets based on DMT modulation, a real-time DMT over SI-POF transmission system can
already be realized and first performance results can be evaluated. Consequently, an experimental demonstrator was built
using state-of-the-art VDSL2 chipsets.
Using bit-loading based on (28) and the typical frequency
response of 200 m of SI-POF, an optimized DMT band plan
was computed, which is significantly different from the typical
VDSL2 band plan for twisted-pair applications. In cooperation
with VDSL2 chipset manufacturers, possibilities were found to
modify the band plans by firmware changes. As a result, it was
possible to optimize 12 bands up to a frequency of 30 MHz
(3478 subchannels), as illustrated in Fig. 9. Unfortunately, due
to the on-board Media Independent Interface (MII), the maximum bit-rate is limited to approximately 100 Mbit/s per direction. Therefore, the available bandwidth is split into an upstream
and a downstream part. Furthermore, the subchannel spacing is
fixed at 8625 kHz so that such a large number of subchannels
have to be used in order to occupy the available bandwidth.
For the transmission experiment, optoelectronic interfaces
based on green (520 nm) LEDs and large-area photodiodes
were built. The experimental setup is depicted in Fig. 10. Due
to the lack of optical SI-POF couplers, a bidirectional link
comprising of two pieces of SI-POF (200 m each) was set up to
test the computed band plan given in Fig. 9. The average transmitted optical power is 2.5 dBm and the SI-POF attenuation
is approximately 83 dB/km at a wavelength of 520 nm. Using
this configuration, a data rate of 101.832 Mbit/s upstream and
100.384 Mbit/s downstream is achieved. It should be noted that
the system is fully compatible with Fast-Ethernet and has been
tested according to this standard. First RFC2544 test results
show an average latency of around 1.1 ms and 0 % packet loss
for all packet sizes [17].
If the MII would allow, the sum of the up- and downstream
data rates can be transmitted in one single direction, resulting
in a total data rate of 202 Mbit/s for a single SI-POF of 200
m. When compared to the maximum capacity values shown in
Table II, it seems that the maximum capacity is achieved. However, note that the values in Table II are for a wavelength of 650
nm, for which the SI-POF has a larger attenuation coefficient.
When the calculation is made for a wavelength of 520 nm, a
maximum theoretical capacity value of 540 Mbit/s is obtained.
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Starting from (14) and combining it with (23), the following is
obtained:

Fig. 10. Experimental setup of the DMT over SI-POF demonstrator based on
VDSL2 chipsets. CPE: Customer Premises Equipment; CO: Central Office.

(30)
By introducing
be written as

, the expression for the capacity can

Fig. 11. Full working version of the DMT over SI-POF demonstrator, based
on commercial VDSL2 chipsets, realized by Teleconnect.

Finally, Fig. 11 shows a picture of the full working DMT over
SI-POF demonstrator, based on VDSL2 chipsets. This demonstrator is a media convertor that converts fast Ethernet from
traditional unshielded twisted pair copper cables to SI-POF
and achieves bidirectional transmission at a total bit-rate of
200 Mbit/s over a distance of 200 m. Compared to current
commercial SI-POF systems, this media converter offers a
twofold performance enhancement in both transmission rate
and distance.

(31)
The only remaining point is the evaluation of the quantity .
Starting from (24) and rewriting it introducing the parameter
results in

VI. CONCLUSION
In this paper, the water-filling method has been used to evaluate and calculate the Shannon capacity of the SI-POF channel.
Additionally, a numerical frequency-discrete water-filling algorithm [14] is used to calculate more realistic capacity values subject to the constraint of DAC and ADC sampling bandwidths.
Using rate-adaptive bit-loading to compute near-optimum bitallocation schemes, the maximum achievable transmission rate
of DMT over SI-POF is measured and evaluated. The results
correspond well to the theoretical and numerical values. Moreover, a first real-time DMT over SI-POF system operating bidirectionally at 200 Mbit/s has been presented and its performance
discussed. These results show that DMT is a promising solution
for high-speed transmission over SI-POF.

SNR

(32)

This last equation is the key equation for calculating the
Shannon capacity of the SI-POF channel in this paper. It is to
be meant as an equation in the unknown . The only input to
this equation is SNR , so that in the end is simply a given
SNR . This function
does
function of SNR , i.e.,
not have a closed-form expression, but involving very smooth
and regular functions can be very easily evaluated numerically.

APPENDIX
This appendix shows the main mathematical passages that
lead to the capacity result shown in (27). First, an analytical
expression for the capacity in terms of the parameter is found.
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