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Abstract—We experimentally demonstrate a bit-rate of
47.4 Gb/s over 100 m of perfluorinated multimode graded-index
plastic optical fiber (GI-POF) by exploiting discrete multitone
(DMT) modulation with rate-adaptive bit-loading. The maximum
achieved aggregate bit rate is 51.8 Gb/s including DMT transmis-
sion overhead (cyclic prefix and preambles) and the standard of
7% of forward-error-correction (FEC) overhead. This is achieved
over an intensity-modulated direct-detection (IM-DD) link using
a directly-modulated DFB laser (1300-nm) and a multimode
fiber-coupled photodetector with a large diameter of 25- m.
The bandwidth requirement is only 12 GHz due to the use of
spectral-efficient modulation formats of up to 64-QAM.

Index Terms—Frequency division multiplexing, Optical fiber
communication, quadrature amplitude modulation, signal pro-
cessing, subcarrier multiplexing.

I. INTRODUCTION

I N recent years, there has been increasing use of commercial
perfluorinated graded-index plastic optical fiber (GI-POF)

with core diameters of 50–62.5 m for 10 Gb/s short-reach ap-
plications such as low-cost interconnects in datacenters, local
area networks (LAN), and supercomputers. For such applica-
tions, multimode fibers (MMF) such as the GI-POF are pre-
ferred above single-mode fiber due to their large core diameter
and numerical aperture. Due to the large alignment tolerances in
transceiver components and fiber splices, MMF is attractive for
in-building networks as its installation is easy and at low cost. In
addition, when compared to silica MMF, GI-POF offers further
advantages such as smaller bending radius (5 mm), better toler-
ance to tensile load and stress, and simpler connectorization.

Recent developments in the standardization of higher-speed
networking standards like 40 and 100 Gigabit Ethernet also in-
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clude MMF as physical medium [1], thereby paving the way
for low-cost optical networking at speeds beyond 10 Gb/s. Al-
though current proposals consider parallel transmission of mul-
tiple 10 Gb/s MMF links with multiple fibers or multiple wave-
lengths to achieve higher speeds, serial transmission using only
one MMF is attractive because issues such as skew between
parallel fibers or multiple wavelengths, inter-channel crosstalk,
and reduced reliability due to higher complexity can be avoided.
Several research groups have demonstrated 40 Gb/s serial trans-
mission over GI-POF [2]–[4]. However, these results were ob-
tained with expensive large-bandwidth (>25 GHz) single-mode
fiber components such as external Mach–Zehnder modulators
and small-area high-bandwidth detectors [3], [4], as well as op-
tical fiber amplifiers [2], which are neither practical nor suitable
for low-cost applications.

In this paper, we demonstrate that by exploiting discrete mul-
titone modulation (DMT) with up to 64-state quadrature ampli-
tude modulation (64-QAM), off-the-shelf and low-cost compo-
nents such as standard 1300-nm directly-modulated distributed
feedback (DFB) laser diode (with 12-GHz bandwidth) and an
MMF-coupled 25- m large diameter photodetector can be used
to achieve more than 47 Gb/s serial transmission over 100 m
of 50- m core diameter GI-POF. This demonstrates the poten-
tial of DMT for enabling highly spectral efficient transmission
at high bit-rates over MMF, while overcoming the fiber’s modal
dispersion and allowing the use of conventional narrow-band-
width transceivers [5]–[10]. It is therefore a promising solution
for low-cost, robust, and high-capacity MMF and GI-POF LAN
links operating at data rates of 40 Gb/s and beyond.

The paper is organized as follows: after the introduction
in Section I, the principle of DMT and bit-loading is briefly
explained in Section II. Moreover, rate-adaptive bit-loading
is proposed for maximizing the achievable transmission rate
over GI-POF. Section III presents the experimental setup in
detail and discusses experimental investigations regarding
the influence of laser non-linearity and the number of DMT
subcarriers on system performance. In Section IV, detailed
experimental results of the transmission performance of the
record 47.4 Gb/s over 100 m GI-POF are presented. Finally,
the paper is concluded in Section V.

II. DMT AND BIT-LOADING

Derived from the more general orthogonal frequency division
multiplexing (OFDM) [6], DMT is a baseband version [7], [12]
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that is widely applied in large scale to digital subscriber copper
lines (ADSL, VDSL, etc.) and power-line communication sys-
tems, proving that low-cost implementation in combination with
existing MMF transceivers can be possible [8].

An important feature of DMT is the possibility to allocate
the number of bits per subcarrier according to its corresponding
signal-to-noise ratio (SNR), typically known as bit-loading.
Bit-loading can be divided into two categories: rate-adaptive
and margin-adaptive. Rate-adaptive algorithms maximize the
bit rate for a fixed bit-error ratio (BER) and given power con-
straint, while margin-adaptive algorithms minimize the BER
for a given bit rate. In this paper, rate-adaptive bit-loading will
be considered in order to maximize the transmission rate over
GI-POF [9], [11].

The rate-adaptive bit-loading algorithm is a reformulation of
the Shannon capacity formula [12] and can be expressed as a
problem of maximizing the total achievable normalized bit-rate
, which is the sum of the normalized bit-rates per subcarrier

used for DMT transmission:

(1)

where is the SNR per subcarrier, repre-
sents the subcarrier SNR when unit energy is applied, is the
difference (gap) between the SNR needed to achieve maximum
(Shannon) capacity and the SNR to achieve this capacity at a
given bit error probability, and is the allocated energy per
subcarrier, subject to an energy constraint given by:

(2)

is the fixed total available energy for transmission. The
problem is now to find the optimum number of bits per sub-
carrier, and the corresponding energy distribution per subcarrier

, in order to maximize the bit-rate.
The solution to this bit-rate maximization problem, based on

the use of Lagrange multipliers, is commonly known as water-
filling. In [13], Chow proposed that the water-filling solution can
be computed numerically and the finite bit-loading algorithm
easily adapted for practical use. The algorithm, based on (1),
initially discards the subcarriers that are least energy-efficient
from information transmission, and redistributes the energy to
more efficient subcarriers in order to support higher data rates.
The non-integer number of allocated bits per subcarrier are then
rounded to the nearest integer and the corresponding energy is
dynamically adapted to support the newly-allocated number of
bits at the same performance.

From (1), notice that of some of the subcarriers can be set
to zero in order to achieve the maximum normalized bit-rate .
Therefore, the optimal solution is not always to use all
available subcarriers to transmit information. Chow’s algorithm
has been shown to achieve near-optimum performance [12],
[13] and will be used to compute rate-adaptive bit-loading for
the following DMT over GI-POF measurements.

III. RESULTS AND DISCUSSION

A. Experimental Setup

In order to realize more than 40 Gb/s transmission over
GI-POF, different system parameters have to be investigated
and optimized. For this, the experimental setup depicted in
Fig. 1 is used. Using a Tektronix AWG7122B arbitrary wave-
form generator (AWG) with a bandwidth of 10 GHz, a DFB
laser is directly modulated (through an electrical variable
attenuator and amplifier) at a sampling speed of 24 GSam-
ples/s. To achieve this sampling speed, the two outputs of the
AWG, both at 12 GSamples/s, are interleaved. The DFB laser,
with a wavelength of 1302 nm, is specified for up to 10 Gb/s
on-off keying transmission and has an electrical small-signal
modulation bandwidth of approximately 12 GHz. The resulting
intensity-modulated optical signal is then either transmitted
over 100 meters of 50- m core perfluorinated GI-POF, or
directly coupled to the multimode variable optical attenuator
in the back-to-back measurement case. After the multimode
attenuator, the received optical signal is detected by a mul-
timode-fiber-coupled photo-detector (PD) with a detection
diameter of 25- m and an integrated coupling lens. The re-
sulting received electrical signal is then amplified and captured
using a 16-GHz real-time Tektronix DPO72004 digital storage
oscilloscope (DSO) running at a sampling rate of 50 GSam-
ples/s for demodulation and evaluation. The clocks of the AWG
and DSO are not synchronized, so that clock/phase recovery
has to be performed by the DMT demodulator as well.

For the DMT transmission, a computer is used to emulate the
digital DMT modulator and demodulator, as shown in Fig. 1.
This also includes offline clock/phase recovery, evaluation of
transmission performance parameters such as BER and SNR per
subcarrier, and the computation of the bit-loading algorithm.

B. Influence of Laser Non-Linearity

The parameters of the DMT signal used for the laser non-lin-
earity measurements are given in Table I. It should be noted that
the DMT signal is clipped in the electrical digital domain be-
fore digital-to-analog (D/A) conversion due to reasons of dy-
namic range [14], [15]. As a result of this digital clipping, the
analogue current after D/A conversion for driving the DFB
laser will have a maximum peak-to-average power ratio defined
by the clipping factor:

dB (3)

where denotes the root-mean-square DMT signal current.
In [14] and [15], the optimum clipping factor for DMT in an
IM-DD channel was already investigated and found to be ap-
proximately 10 dB. Therefore, this value will be used for all
measurements presented in this paper.

Initially, all subcarriers are loaded with 3 information bits
each, corresponding to a modulation format of 8-QAM. From
the received and demodulated DMT signal, the SNR per
subcarrier is estimated and used to compute bit-loading in
order to maximize transmission performance. Due to the use of
Chow’s rate-adaptive bit-loading in this experiment, system
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Fig. 1. Measurement setup for DMT over GI-POF transmission.

TABLE I
DMT SIGNAL PARAMETERS

Fig. 2. Optical output power versus DFB driving currents used in the experi-
ments. � : threshold current; � : peak-to-peak driving current.

performance is characterized by the maximum achievable trans-
mission rate at a fixed BER of .

Fig. 2 shows schematically how the peak-to-peak driving cur-
rent is varied for the DFB laser. The laser is always fully
modulated starting from its threshold current . The laser bias
current, which is equal to , is adjusted according to

in order to ensure full modulation of the DFB laser. The av-
erage received optical power is always fixed to the same value
with the variable optical attenuator when is increased. By
this method, the influence of thermal noise (resulting mainly
from the electrical amplifier at the receiver) is kept constant
when is varied.

Fig. 3. left axis: Transmission rate versus peak-to-peak driving current with
rate-adaptive bit-loading; right axis: BER versus driving current with fixed bit-
loading parameters.

Fig. 3 presents the effect of peak-to-peak electrical driving
current on the system performance in both back-to-back
and GI-POF transmission system. In this measurement we set
the laser bias level to be fixed at 60 mA and thus the received
optical power is fixed at dBm. In the left vertical axis we
show the maximum transmission rate for different peak-to-peak
driving current levels up to 85 mA with adaptive bit loading. The
transmission rate is saturated for peak-to-peak driving currents
of 70 mA and above, at which the maximum rate is achieved.
On the right vertical axis, the bit error rate (BER) is plotted
versus different peak-to-peak driving currents for transmission.
We keep the fixed laser bias level and received optical power,
as well as fixed bit loading parameters in transmission mea-
surement. A similar floor in BER is observed for comparison
with back-to-back case. This saturation in system performance
might be due to the DMT electrical clipping noise and laser
non-linearity.

From the back-to-back measurement results of Fig. 4, we
see a similar performance as in Fig. 3. For a fixed driving cur-
rent, the system performance increases for larger received op-
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Fig. 4. Maximum achievable transmission rate @��� � �� as a function
of peak-to-peak laser drive currents for different received optical powers.

tical power, which is apparent due to less influence of receiver
(thermal) noise. However, at dBm received optical power,
performance seems to be limited and the achievable transmis-
sion rate seems to saturate at its maximum value. Possible rea-
sons for this limit are saturation effects of the photodetector at
high received optical powers and the electrical DMT clipping
noise noise resulting from clipping the electrical DMT signal in
the digital domain before D/A conversion.

The results from transmission experiments over 100 m
GI-POF is investigated and shown in Fig. 5. The corresponding
back-to-back curves in Fig. 4 are included for reference. The
performance degrades for larger peak-to-peak laser drive cur-
rents in the case of transmission over 100 m GI-POF. The
reduced transmission rate can be attributed to the change in
the shape of the frequency response at higher laser currents,
as shown in Fig. 6. At higher laser currents, the frequency
response reduces the available bandwidth, hence detrimental
to the achievable rate. Note that in Fig. 5, at higher launch
powers, the maximum transmission rate decreases. This can
be attributed to differential modal attenuation (DMA) [16],
[17], which is the effect that higher order modes propagating
through the GI-POF experience higher attenuation than the
fundamental modes. At low launch power, almost only the
fundamental modes can be detected after 100 m GI-POF due
to the DMA effect. However, for very high optical launch
powers, the higher order modes are not attenuated enough at a
distance of 100 m and are therefore also detected at the end of
the GI-POF. This difference in mode attenuation profile leads
to constructive/destructive modal interference, and affects in
this case the GI-POF bandwidth in a negative way (as can be
observed in Fig. 6).

Additionally, the limitation due to detector saturation in Fig. 5
can be noticed again in the curves with 100 m GI-POF as no sig-
nificant improvement in transmission rate is observed between

dBm and dBm.

C. Influence of Number of Subcarriers

In addition to the impact of laser non-linearity, the influence
of the number of subcarriers used for DMT transmission is also

Fig. 5. Maximum achievable transmission rate @ ��� � �� versus
peak-to-peak laser drive currents for different received optical powers.

Fig. 6. Measured frequency response of 100 m GI POF at 60 and 80 mA laser
bias current.

investigated experimentally. The same DMT parameters as in
Section III.B are used, except that the total number of subcar-
riers is now varied from 128 to 512. The received optical power
is fixed at dBm. Again, with rate-adaptive bit-loading, the
power and bit-allocation per subcarrier is adapted to the trans-
mission channel, thereby maximizing the transmission rate to a
fixed BER of .

Fig. 7 shows the experimental results for the back-to-back
case. As observed in Fig. 7, the system performance improves
when the number of DMT subcarriers is increased. To further
investigate this, the total number of DMT subcarriers is varied
over a larger range for the same received optical power of

dBm. The peak-to-peak driving current of the DFB
laser is fixed to 85 mA. The measurement results are plotted in
Fig. 8, for the case of back-to-back and 100 m of GI-POF.

As shown in Fig. 8, the transmission rate improves with the
increase of the DMT subcarrier counts. This is true for back-to-
back and for 100 m of GI-POF. The conclusion is that with
a larger number of subcarriers, the frequency response of the
transmission channel can be more finely divided into more sub-
channels, making the channel response of each subcarrier flatter.
Consequently, every subcarrier experiences a better channel re-
sponse and therefore overall performance increases.
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Fig. 7. Maximum achievable transmission rate @ ��� � �� versus
peak-to-peak laser drive currents for different number of subcarriers.

Fig. 8. Maximum achievable transmission rate @ ��� � �� for different
number of subcarriers. Received optical power is fixed at �� dBm.

The performance gap between 100 m GI-POF and the
back-to-back case is due to the extra bandwidth limitation of
the GI-POF. The attenuation of GI-POF is not significant in
Fig. 8 because the received optical power and peak-to-peak
laser driving current are both fixed to the same values for each
measurement point. It can also be noted that the number of
subcarriers cannot be increased infinitely in order to have better
performance, as flatter curves can be seen after 512 subcarriers.

D. Influence of Clipping Levels

Fig. 9 presents the BER measurement as a function of re-
ceived optical powers for different values of the DMT electrical
clipping levels dB as defined in (3). The parameters for DMT
bit-loading are fixed as well as the bias and driving current of
the laser. The optimum clipping factor is found to be around
10 dB. For smaller values of dB, the performance is worse
due to the high peak-to-average power ratio (dynamic range) of
the DMT signal. Significantly more clipping noise is introduced
when dB is increased beyond 10 dB. Therefore, system perfor-
mance deteriorates. However, clipping is essential to optimize
and limit the peak power of DMT signals because constructive

Fig. 9. BER values versus received optical powers for different levels of DMT
electrical clipping.

phase addition of a large number of subcarriers can cause very
high signal peaks [15].

E. Influence of Modal Noise

Up to an of 85 mA, modal noise is not observed. This
is because light of a single-mode DFB laser with single mode
pigtail (small launching area) is launched into the GI-POF,
thereby exciting only lower order modes. Due to mode coupling
in the GI-POF, higher order modes can still exist but most are
suppressed by DMA. Additionally, a commercial photodetector
with integrated coupling lens is used to couple most of the
light from the end of the GI-POF into the detector. (The effec-
tive detector diameter is 21 m.) For larger than 85 mA,
beginning signs of modal noise can be observed, because of
high laser launch power. Due to such high launching power
(up to dBm), DMA in the GI-POF is not large enough to
suppress the higher order modes resulting from mode coupling
in the GI-POF. Therefore, higher-order modes are present at
the GI-POF end-face and some are not detected by the pho-
todetector, leading to beginning signs of modal noise. As the
results are obtained at Ipp of 85 mA, these results do not suffer
from modal noise.

In conclusion, a record net transmission bit-rate of 47.4 Gb/s
is achieved over 100 m of GI-POF using DMT based on a total of
1024 subcarriers and the clipping level of 10 dB. To the authors’
knowledge, this is the highest bit-rate ever reported for GI-POF
transmission.

IV. 47.4 GB/S TRANSMISSION OVER 100 M GI-POF

In this section, details of the transmission performance of
DMT for a net bit-rate of 47.4 Gb/s over 100 m GI-POF are also
presented. This transmission result corresponds to the 100-m
POF marker point at 1024 DMT subcarriers in Fig. 8. In the ex-
periment, 1024 subcarriers are used for the DMT transmission,
ranging from a frequency of 0 to 12 GHz. Fig. 10(a) shows
the measured SNR per subcarrier in the initialization stage,
prior to applying Chow’s rate-adaptive bit-loading algorithm,
after transmission over 100 m GI-POF. The channel response
is clearly adapted by the large amount of subcarriers in detail.
The bit and power allocation per subcarrier, after applying
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Fig. 10. Measured SNR per subcarrier for DMT transmission over 100 m GI
POF, (a) before (b) after rate-adaptive bit-loading.

Fig. 11. Rate-adaptive bit-loading parameters for DMT transmission over
100 m GI-POF using a total of 1024 subcarriers.

rate-adaptive bit-loading, is depicted in Fig. 11. For subcarriers
with the highest SNR, 6 bits are allocated for DMT transmis-
sion, which is realized by 64-QAM. The number of allocated
bits per subcarrier decreases to 2, for those subcarriers with
the lowest SNR. This is equivalent to a modulation format of
4-QAM. By allocating a different amount of power to each
individual subcarrier, the SNR per subcarrier can be fine-tuned
to a fixed value, which is just enough to achieve a BER of
for the specific modulation format. The resulting SNR per
subcarrier after rate-adaptive bit-loading is shown in Fig. 10(b).
Note that the SNR per subcarrier is stair-case-shaped, as a result
of the bit-loading algorithm. A total of 4421 bits are allocated
per DMT frame. Fig. 12 presents the measured BER values as
a function of the subcarrier index for the received 47.4 Gb/s
DMT signal. In the DMT transmission scheme, the signal is
not demodulated per subcarrier but as an entire frame. This
provides the benefit that even if some subcarriers have BER
values larger than , the signal quality is still good enough
to achieve a total average BER of . This value is under the
FEC limit for error-free operation.

In Fig. 13, we present the electrical spectra of the signal as
observed before and after 100-m transmission. The available

Fig. 12. BER performance per DMT subcarrier after transmission over 100 m
GI-POF.

Fig. 13. Received signal spectrum after 100-m POF, compared to the back-to-
back case and the case without modulation.

bandwidth for data transmission is seen as less than 13 GHz,
taking into account the bandwidth of the AWG and the DFB
laser. However, the DMT scheme and the bit-loading algorithm
allow us to successfully transmit 47.4 Gb/s data through such
narrow bandwidths. The gray curve is the spectrum without data
modulation, which indicates the noise floor of the system.

In Fig. 14, the superimposed constellation diagrams of the
first 20 subcarriers with 64-QAM and the last 10 subcarriers
with 4-QAM are shown. These constellations are respectively
the largest and smallest of the DMT transmission system
over 100 m GI-POF. The clearly distinguishable constellation
points indicate that the received signal quality is good and that
the one-tap channel equalizers in the DMT demodulator are
working as expected.

V. CONCLUSION

By characterizing the influence of laser non-linearity and
the number of subcarriers on DMT transmission performance
over GI-POF using experimental results, optimum parameters
for best system performance could be determined. Compared
to the results presented in [9], the maximum achievable trans-
mission rate with the optimum parameters is improved to a
record of 47.4 Gb/s transmission over 100 m GI-POF. This
is achieved by exploiting DMT transmission with Chow’s
rate-adaptive bit-loading scheme. To the authors’ knowledge,
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Fig. 14. Plots of the highest (64-QAM) and lowest (4-QAM) constellations
used in 47.4 Gb/s DMT transmission over 100 m GI-POF.

this is the highest bit-rate ever reported for GI-POF transmis-
sion and proves that DMT is indeed a promising solution for
enabling high-capacity transmission over standard low-cost
and easy-to-use MMF and GI-POF links.

Although current 40 GbE and 100 GbE proposals regard
only parallel transmission of multiple 10 Gb/s links in order to
achieve higher speeds, the proposed idea of serial transmission
at similar bandwidth requirements by use of DMT can result
in even lower-cost systems. While one might argue that digital
signal processing will increase power consumption, significant
power savings resulting from using less transceivers and the
inherently reduced complexity can offer a good trade-off to
make DMT a viable solution for high-speed, low-power, and
low-cost serial optical networking operating at bit-rates of 40
Gb/s and beyond. Moreover, DMT has proven to be a robust
technique to adaptively compensate the modal dispersion of
multimode GI-POF links, and in this way counteracting the
dispersion variations which may occur due to changing fiber
launching and bending conditions.
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