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Discrete Multitone Modulation for
Short-Range Optical Communications
As the need for higher information throughput increases, standard solutions such
as copper lines and radio links seem to approach their limits. Therefore, optical solutions, after having conquered the long and medium-range networks, are nowadays
also migrating into short-range data communication scenarios, offering the possibility of high capacity information transfer for both professional as well as consumer
applications.
The challenge is to offer cost-effective and robust optical solutions at relatively
short (≤1 km) transmission distances, where traditional single-mode fiber for longhaul transmission systems are unsuitable. Solutions such as multimode glass fibers
(MMF), plastic optical fibers (POF), using light-emitting diodes (LED) or low-cost
vertical cavity surface emitting laser diodes (VCSEL), and optical wireless links
(based on LEDs) are therefore being proposed and seem to be promising candidates.
These solutions feature low costs, easy handling and installation, flexibility, and
robustness, which are all very suitable characteristics for consumer needs. However,
this comes at the expense of less bandwidth when compared to single-mode fiber
systems.
This thesis investigates the use of digital signal processing in order to overcome
the bandwidth limitations in short-range optical communication systems, ensuring
that such solutions are future-proof. In particular, discrete multitone (DMT) modulation is proposed and investigated in order to increase the capacity of such systems.
Derived from the more general orthogonal frequency division multiplexing (OFDM),
DMT is a baseband multicarrier modulation technique that is already widely employed in copper-based digital subscriber lines (DSL) systems such as asymmetrical
DSL (ADSL) and very high data rate DSL (VDSL).
By dividing a high-speed serial data stream into multiple parallel low-speed substreams and transmitting them simultaneously using different frequencies, DMT
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can be used to efficiently combat various signal impairments such as dispersion
and narrowband interference. Due to the use of intensity-modulation and directdetection (IM/DD) in low-cost optical systems, where only the intensity of light is
modulated and not the phase, the application of DMT is different from standard
electrical systems. Characteristics such as high crest factor, which is the ratio of
the peak to root-mean-square amplitude value of the DMT signal, and clipping have
different consequences and are studied in this thesis.
After an introduction to the principles of DMT and rate-adaptive bit-loading,
an analytical model of the optical IM/DD channel for short-range optical communications is presented. Making use of this model, the theoretical capacity of such
a channel is derived for both a Gaussian and a first-order low-pass electrical-toelectrical channel response by means of the water-filling method. It is found that
the crest factor of the modulation signal plays a dominant role in defining the capacity of the optical IM/DD channel. Furthermore, by including characteristics of
DMT modulation such as clipping and quantization, it is shown that the calculated
capacity values can be refined and optimum parameters for DMT transmission over
an optical IM/DD channel exist.
Following this, the optimum clipping values and number of subcarriers for maximizing DMT transmission performance over an optical IM/DD channel are investigated. It is shown that the optimum clipping value, which depends on various
system parameters such as receiver noise power and modulation order, can be determined by using an analytical expression. In the case of the number of subcarriers,
larger values generally lead to better performance when DMT with bit-loading is
used.
Additionally, various experiments to explore the system limits of DMT techniques have been performed and the results for POF, MMF, and optical wireless
are presented. It is shown that record bit-rates of up to 47 Gbit/s can be achieved
using DMT. Finally, an efficient way to implement DMT is presented, together
with results regarding the implementation of a real-time DMT transmission system
operating at 1.25 Gbit/s. System complexity issues of real-time hardware implementation are also discussed, showing that pipelining and parallelization are essential in
high-speed designs, adding to the need of extra hardware resources. Moreover, it is
verified that for DMT, the Fast Fourier Transform (FFT) operations require most
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hardware resources.
After the presentation of some alternative modulation techniques such as pulseamplitude-modulated DMT (PAM-DMT), which also were investigated by the author, this thesis ends with the conclusions and some recommendations for further
research work.
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Chapter 1

Introduction

As both the need for higher information throughput as well as user densities are
increasing, standard solutions such as copper and radio seem to approach their
limits. Besides novel initiatives such as 60 GHz and multiple-input multiple-output
(MIMO) techniques, optical solutions are nowadays also migrating into short-range
data communication scenarios, offering the possibility for high capacity information
transfer in both professional and consumer applications.
The challenge here is to offer cost-effective and robust optical solutions at relatively short (≤1 km) transmission distances, where traditional single-mode fiber
systems are too expensive due to the required delicate installation and handling.
Alternative solutions such as multimode glass fibers (MMF), plastic optical fibers
(POF), light-emitting diodes (LED), and optical wireless (using LED) are therefore
being proposed and demonstrated to be promising candidates. Moreover, such solutions can offer signal format transparency, and thus enable to carry services with
widely different characteristics in a unified single network.
Major advantages of these proposed solutions are low cost, easy handling and
installation, flexibility, and robustness, which are very suitable for consumer needs.
However, this comes at an expense of less bandwidth when compared to single-mode
fiber systems. This thesis investigates the use of digital signal processing in order to
overcome the bandwidth limitations in short-range optical communication systems,
thus ensuring that such solutions are future-proof. In particular, discrete multitone
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(DMT) modulation is proposed and investigated to increase the capacity of shortrange optical communication systems, both for multimode fiber and optical wireless
systems.
Derived from the more general orthogonal frequency division multiplexing (OFDM)
[1, 2], DMT is a baseband multicarrier modulation technique that is for example
employed in digital subscriber lines (DSL) over twisted-pair copper cables such as
asymmetric DSL (ADSL) and very high data rate DSL (VDSL) [3, 4, 5]. By dividing a high-speed serial data stream into multiple parallel low-speed sub-streams
and transmitting them simultaneously using different frequencies, DMT can be used
to efficiently combat various signal impairments such as dispersion and narrowband
interference. Due to the use of intensity-modulation and direct-detection (IM/DD)
in low-cost optical systems, where only the intensity of light is modulated (and
not the phase), the application of DMT is different from standard DSL systems.
Characteristics such as high peak-to-average power ratio and clipping have different consequences and are studied in this work. Also, bit-loading algorithms which
are typical in DMT systems are investigated for the IM/DD channel and capacity
calculations are performed. Moreover, experimental investigations showing record
bit-rates of up to 47 Gbit/s DMT transmission are presented and discussed. Finally,
the implementation of a real-time DMT transmission system operating at bit-rates
beyond 1 Gbit/s is presented and system complexity issues are discussed.
The organization of this thesis is as follows: after an introduction to shortrange optical communications, the principle of DMT modulation and bit-loading
is presented. Following this, an analytical model for calculating the capacity of
short-range optical IM/DD channels is derived, and the influence of using DMT
transmission on this capacity is investigated. Furthermore, different parameters of
DMT transmission such as clipping, number of subcarriers, and transmitter nonlinearity are analyzed and optimum values for maximizing performance are derived.
After this, several DMT experiments over POF, silica MMF, and optical wireless are
presented, demonstrating the potential of DMT. Real-time implementation of DMT
will also be discussed, showing for the first time a 1.25-Gbit/s DMT transmitter for
SI-POF applications. After the presentation of pulse-amplitude-modulated DMT
(PAM-DMT), this thesis ends with conclusions and recommendations for follow-up
research.

2

Chapter 2

Short-Range Optical
Communication

In this chapter, an overview of short-range optical communications is given. POF,
MMF, and optical wireless are mentioned including their applications in networks in
data-centers, inter-/intra-building, in-building, in-car, industrial automation, inter/intra computers, mobile phones, wireless usb, HDMI, FireWire, etc.

2.1

Plastic Optical Fibers

With an increasing number and variety of new services being offered like for example VoIP, IPTV, and HDTV, the need for a central distribution network inside
buildings and homes is emerging. Such a network should ideally combine large bandwidth with robustness, easy installation, and low cost. Additionally, this network
should not only be able to distribute various new services, but also traditional ones
such as CATV, voice telephony, high-speed internet, etc., making transparency also
an important issue to consider.
Optical fiber enables to open the way towards such a common distribution network. Optical fiber is not susceptible to electromagnetic interference, has no electromagnetic emission and does not conduct electricity so it can be installed in existing
conduits used for e.g. main power supply. This makes optical fiber from an instal-
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lation point of view very attractive compared with copper coaxial and unshielded
twisted pair (UTP) cable.
In particular, plastic optical fiber (POF) is attractive because it is easy to install
due to its large core diameter. Moreover, POF offers large flexibility and ductility,
which further reduces installation costs in often less accessible customer locations.
The large diameter of plastic fiber allows relaxation of connector tolerances without sacrificing optical coupling efficiency. This simplifies the connector design and
permits the use of low cost plastic components.
POF exists in many different types and varieties. The most common ones are
the step-index poly-methyl-methacrylate (PMMA) POF (SI-POF) and graded-index
PMMA POF (GI-POF), both with a core diameter of nearly 1 mm, and the gradedindex perfluorinated POF (PF-GI-POF) with core diameters varying from 50 and
65 µm up to 120 µm.
2.1.1

Poly-Methyl-Methacrylate (PMMA) SI-POF

During the past years, the 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 (PROFINET standard) and multimedia communication in cars (MOST standard). Its main benefits
are its robustness to electromagnetic interference and mechanical stress, its ease of
installation and connection, its low weight, as well as its low price. Fig. 2.1 shows a
comparison of the SI-POF with a standard single-mode silica optical fiber, used for
long-haul transmission systems. It can be seen that the 1-mm large diameter of the
SI-POF allows easier connection and handling, and at the same time guides more
light with larger angle due to the large numerical aperture (NA) of 0.5, resulting in
larger tolerances to bending and alignment. Moreover, the large core diameter and
large NA also imply a very large number of guided modes, which yields low modal
noise in case of fiber coupling misalignments.
With Intel announcing the development of a new high speed USB 3.0 standard
including optical capabilities [6], optical communications is also finding its way into
the consumer market. Besides the Firewire standard for SI-POF, connector-less SIPOF systems are nowadays available on the consumer market for in-house networks,
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silica
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Figure 2.1: Comparison of standard PMMA step-index POF (SI-POF) with silica optical
fiber.

supporting various applications such as e.g. IP-TV distribution in homes [7]. 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 the large amount of modal dispersion resulting from 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 [8, 9, 10]. By combining spectral-efficient
modulation using high-order quadrature amplitude modulation (QAM) formats with
multicarrier modulation and the ability to optimally adapt the transmission parameters per subcarrier to the channel, this thesis proposes and investigates the use
of discrete multitone (DMT) modulation for increasing the transmission rates of
SI-POF in order to support novel bandwidth-demanding applications.
Fig. 2.2 shows the attenuation curve of the SI-POF for different wavelengths,
which is due to the spectral attenuation characteristics of the PMMA material. From
this figure, it can be seen that the transmission windows with least attenuation for
SI-POF are around 520 nm (blue), 570 nm (green), and 650 nm (red). This implies
that the SI-POF should be operated in the visible wavelength range, which eases
system inspection (system is working when one can see the light). The most common
sources for SI-POF are LEDs, which are available in a large variety of wavelengths.
However, the modulation bandwidth of LEDs is usually relatively low (up to at
most 200 MHz -3 dB bandwidth). This adds to the bandwidth constraint of SI-
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Figure 2.2: Attenuation characteristics of POF and silica fiber.

POF, resulting in even lower transmission rates. A higher-bandwidth alternative is
the resonant-cavity LED (RC-LED) [11, 12]. Due to its structure with two reflectors
and a cavity that promotes resonance, the RC-LED is able to emit light at higher
efficiency. Therefore, larger modulation bandwidths are possible.
Some other higher-bandwidth options are (edge-emitting) laser diodes for DVD
applications emitting at a wavelength of around 655 nm, or 670-nm vertical cavity
surface emitting lasers (VCSELs) [13]. However, the performance of such transmitters are more dependent on temperature, so that further improvements are necessary
for mass consumer application.
Due to the large NA of SI-POF, low-cost, large-diameter (300 µm to 1 mm),
standard silicon-based (Si) PIN photodiodes are usually used for detecting the output light of the SI-POF at the receiver end. Therefore, this makes the SI-POF a
potentially low-cost system suitable for mass consumer products.
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2.1.2

Poly-Methyl-Methacrylate (PMMA) GI-POF

With similar characteristics as the SI-POF, the main difference that characterizes
the PMMA GI-POF is the use of a gradient refractive index profile in order to reduce
the modal dispersion of the fiber [14, 15, 16]. This results in a higher fiber bandwidth
(up to 3 GHz over 50 m), allowing higher transmission rates. Nowadays, commercial
GI-POFs are available with core diameters ranging from 0.5 to 1 mm.
However, a major disadvantage of the GI-POF is its high bending loss. This leads
to higher attenuation values (approximately 200 dB/km) compared to its step-index
counterpart, which is already widely accepted and used in commercial markets. Nevertheless, the GI-POF is a promising candidate for providing Gigabit communication
networks in consumer applications and is therefore also considered in this thesis. By
using DMT, it is shown that even 10-Gbit/s transmission is possible over such kind
of fibers.
This opens another market for PMMA POF, which is high-speed (super-)computer
interconnects, server backplane applications, flexible laptop display cables, highdefinition multimedia interface (HDMI) [17], etc.
2.1.3

Perfluorinated GI-POF

In recent years, there has been increasing interest for using perfluorinated gradedindex POF (PF-GI-POF) for high-speed ≥ 10-Gb/s short-reach applications such
as low-cost interconnects in data centers, local area networks (LAN), and supercomputers. For such applications, multimode fibers (MMF) are preferred above
single-mode fiber (SMF) due to their large core diameter and numerical aperture.
Especially the PF-GI-POF, with core diameters of 50-62.5 m up to 120 m, is very
attractive for such applications. Due to the large alignment tolerances in transceiver
components and fiber splices, the PF-GI-POF is attractive for in-building networks
as its installation is easy and low cost. In addition, when compared to silica MMF,
PF-GI-POF offers further advantages such as smaller bending radius (5 mm), better
tolerance to tensile load and stress, and simpler connectorization.
However, the large numerical aperture (± 0.2) and refractive index profile of PFGI-POF also causes its bandwidth to decrease when compared to silica MMF and
SMF. In this thesis, the application of DMT to counter such bandwidth problems
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and provide 10 to 47-Gbit/s transmission is analyzed and demonstrated.

2.2

Multimode Silica Fibers

Next to POF, silica MMF with core diameters of 50 to 62.5 µm are also attractive for use as high-capacity and low-cost optical fiber-based links in local area
networks (LAN), such as enterprise in-building and datacenter backbones, but also
short-distance server/computer interconnects. In contrary to long-haul transmission
links, silica MMF is used for the vast majority of the optical LAN links [18]. Unlike single-mode fiber, the large core diameter of the MMF allows large alignment
and dimensional tolerances in transceiver components, thereby lowering installation,
maintenance, and component costs. Therefore, high-speed networking standards like
Gigabit Ethernet, Fiber Channel, 10 Gigabit Ethernet, and 40/100 Gigabit Ethernet all include the silica MMF as a transmission medium. Additionally, silica MMF
has attenuation values of typically 1 to 3.5 dB/km, which is lower than that of POF.
This makes the silica MMF attractive for distances up to a few kilometers.
Being the most-installed type of optical fiber in local area networks and server
interconnects [18], silica MMF is a very attractive solution especially for speeds of
10 Gbit/s and beyond. However, transceiver bandwidth limitations (≈ 10 GHz) due
to cost reasons are limiting the applicability of silica MMF in short-range optical
communication networks to higher speeds defined by for example the 40/100 Gigabit Ethernet standard. By using DMT and bit-loading, it is shown in this thesis
that even conventional transceivers with bandwidths of around 10 GHz can be used
to achieve up to 40-Gbit/s transmission. Therefore, DMT is a potentially interesting modulation format to consider for high-speed standards in short-range optical
communications.

2.3

Optical Wireless

Next to fiber-base optical solutions, optical wireless communications based on
low-cost LEDs is also gaining a lot of interest for application in short-range communication for mass consumer products. One of the most popular standards is the
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white-light
LED lamp

Figure 2.3: Data transmission and illumination scenario using white-light LEDs.

IrDA [19], which can already be found in various applications for information transfer between laptops and mobile phones. Recently the visible light communication
consortium [20] was founded to extend this kind of short-range communications for
visible light sources.
Another application of optical wireless communications is the use of white-light
LEDs meant for illumination purposes. White-light LEDs are expected to become
a major player in the future lighting market. So far, the opportunity of modulating their light emission for communication purposes remains untapped. Available
modulation bandwidths lie in the MHz range [21, 22] and white-light LEDs might
thus serve for illumination and data transmission simultaneously, as illustrated in
Fig. 2.3. Advantages would be the inherent low investment and maintenance cost
due to the dual-use scenario of illumination and communication, virtually zero interference with radio frequency wireless communication, and the potential to spatially
recycle the modulation bandwidth in pico- and femto-cells (due to the pronounced
directivity of light and the highly efficient shielding by opaque surfaces).
However, issues such as reflections and interference from other sources should
be investigated. By proposing the use of DMT, it is shown in this thesis that high
transmission rates up to 100 Mbit/s can be achieved using commercial lighting LEDs
due to the high spectral efficiency of DMT. Furthermore, the possibility to adapt the
multiple DMT subcarriers at different frequencies in order to cancel out interference
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from for example fluorescent lamps proves to be very useful.
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Chapter 3

Discrete Multitone Modulation

Discrete multitone modulation (DMT) is a baseband version of the better-known
orthogonal frequency division multiplexing (OFDM). While OFDM is known for its
mass-application in Wireless Fidelity (WiFi) or wireless local area networks (WLAN)
and terrestrial digital video broadcasting (DVB-T), DMT is widely employed in
copper-based digital subscriber lines (DSL) for providing high-speed Internet access
via asymmetric DSL (ADSL) and very high speed DSL (VDSL).
Due to the already large amount of books and publications on OFDM [1, 2, 23]
and DMT [24], this chapter will only give a brief introduction to the principles of
DMT. For more details, the reader is recommended to study the aforementioned
references.
As this thesis deals with the application of DMT for short-range optical communication networks, this chapter will explain how DMT is beneficial in such systems
and how it is applied. A more thorough analysis of this will be given in Section 4.3
of this thesis.

3.1

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
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multiple subcarriers of different frequencies for simultaneous transmission [24, 23].
Based on the fast Fourier transform (FFT) algorithm, multicarrier modulation and
demodulation are efficiently implemented with DMT. Contrary to OFDM [1, 2], the
DMT modulator output signal after the inverse FFT (IFFT) is real-valued and no inphase and quadrature-phase (IQ-) modulation onto a radio frequency (RF) carrier is
required [24, 25, 26]. Therefore, broadband, high-frequency, analog RF-components
required for IQ-modulation are omitted from DMT transceivers, reducing system
costs and complexity. As a result, only a single digital-to-analog (D/A) converter
and a single analog-to-digital (A/D) converter is needed to respectively generate
and capture a DMT sequence.
A common misconception of DMT is that it requires twice as much hardware
complexity when compared to OFDM. This, however, is not true. A possible reason
that gives rise to such a misconception is that in order to generate a multicarrier
sequence consisting of N subcarriers, DMT requires the use of an IFFT operation
which is twice the length of the one needed for OFDM. Similar, of course, applies
to the case of demodulation with an FFT.
As will be shown in (3.1), real-valued input and output sequences of respectively
an FFT and IFFT are characterized by symmetry properties. As a result, the FFT
and IFFT operations can be optimized for DMT modulation and half of the number
of computations can be saved [27, 28]. In Chapter 7.1, a method to efficiently
implement a DMT modulator based on the computation of two real-valued FFTs
with one complex-valued FFT is presented. Therefore, DMT and OFDM require
approximately the same amount of complexity and the longer IFFT/FFT lengths
needed for DMT are not disadvantageous.
In Fig. 3.1, the principle of DMT is shown. A high-speed binary serial input data
sequence is divided into N parallel lower-speed binary streams. For each stream indexed by n, where n = 0, 1, . . . , N − 1, every M number of bits are grouped together
and mapped onto complex values Cn = An + jBn according to a quadrature amplitude modulation (QAM) constellation mapping consisting of 2M states. Usually, the
IFFT is used in the DMT transmitter to efficiently modulate the complex values Cn
onto N different subcarrier frequencies, which, as a result, are mutually orthogonal
[1].
In order to achieve a real-valued, baseband DMT transmission sequence consist-
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ing of N subcarriers, a 2N -point IFFT is needed. For the 2N inputs of the IFFT,
indexed by n = 0, 1, . . . , 2N − 1, the first half are assigned the values Cn and the
second half have to be assigned the complex conjugate values of Cn , following the
Hermitian symmetry property given by
C2N −n = Cn∗

(3.1)

for n = 1, 2, . . . , N − 1 and Im{C0 } = Im{CN } = 0. The Im{·} operator denotes the
imaginary part. In practice, it is common to set C0 = CN = 0 so that the resulting
DMT sequence does not contain any direct current (DC) value at all.
Following this, the output u(k) of the 2N -point IFFT is always real-valued, which
can be proven by


2N −1
1 X
k
u(k) = √
Cn exp j2πn
2N
2N n=0




N −1 
1 X
k
k
∗
+ Cn exp j2π(2N − n)
=√
Cn exp j2πn
2N
2N
2N n=0
 

∗ 

N −1 
1 X
k
k
=√
+ Cn exp j2πn
Cn exp j2πn
2N
2N
2N n=0



N −1
1 X
k
=√
2 · Re Cn exp j2πn
,
2N
2N n=0
k = 0, 1, . . . , 2N − 1

(3.2a)

(3.2b)

(3.2c)

(3.2d)
(3.2e)

where the Re{·} operator denotes the real part. For convenience, (3.2) is written as


2N −1
1 X
k
u(k) = √
Cn exp j2πn
,
2N
2N n=0

k = 0, 1, . . . , 2N − 1

(3.3)

where u(k), with k = 0, 1, . . . , 2N − 1, is a real-valued sequence consisting of 2N
points, resulting from every 2N -point IFFT computation.
Additionally, notice from Fig. 3.1 that a cyclic prefix (CP) is added to u(k)
before D/A conversion. The CP is a copy of the last fraction of u(k), which is
inserted in front of u(k). For a CP with a length of NCP , the overall sequence can
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Figure 3.1: Schematic block diagram showing the principle of DMT over an optical IM/DD
channel. DAC: digital-to-analog converter, ADC: analog-to-digital converter,
LED: light-emitting diode, PD: photodetector, LPF: low-pass anti-aliasing
filter, CP: cyclic prefix.

be represented as


2N −1
1 X
k − NCP
s(k) = √
Cn exp j2πn
,
2N
2N n=0
k = 0, 1, . . . , 2N − 1 + NCP . (3.4)
This (2N + NCP )-point sequence s(k) corresponds to the samples of the multicarrier
DMT time-discrete sequence to be transmitted, which is referred to as a DMT frame
in this thesis. Taking the sampling speed of the D/A converter into account, (3.4)
is written as


2N −1
1 X
(k − NCP ) ∆ts
s(k) = √
Cn exp j2πn
,
T
2N n=0
k = 0, 1, . . . , 2N − 1 + NCP (3.5)
where ∆ts = 1/fs depicts the sampling period of the D/A converter and fs its
sampling frequency. T is the period of a DMT frame, defined as
T = (2N + NCP ) · ∆ts

(3.6)

where 1/T = fsc is also known as the subcarrier frequency spacing. Note that
this subcarrier frequency spacing fsc is not a system parameter that can be chosen
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freely, but results indirectly from N , NCP , and the D/A converter sampling speed
fs following the derivation in (3.6).
Depending on the D/A converter impulse response hDAC (t), the resulting timecontinuous waveform of each DMT frame after D/A conversion can be written as
s(t) =

2N −1+N
X CP

s(k)δ(t − k∆ts ) ⊗ hDAC (t)

(3.7)

k=0

where ⊗ denotes the linear convolution operator and δ(t) the Dirac impulse. Due
to the sample-and-hold function of most D/A converters, hDAC (t) can be modeled
as a rectangular pulse ranging from 0 to ∆ts .
Assuming transmission over a linear and lossless channel, the (noise-free) received DMT frame r(t) at the receiver (directly before A/D conversion) can be
characterized as
r(t) =

=

2N −1+N
X CP
k=0
2N −1+N
X CP

s(k)δ(t − k∆ts ) ⊗ h(t)

(3.8a)

s(k)p(t − k∆ts )

(3.8b)

k=0

where p(t) is the pulse shaping function given by
p(t) = δ(t) ⊗ h(t)
Z ∞
δ(τ )h(t − τ ) dτ
=

(3.9a)
(3.9b)

−∞

and h(t) = hDAC (t) ⊗ hch (t) ⊗ hf (t) is the combined impulse response of the D/A
converter hDAC (t), the entire channel including the electrical-to-optical and opticalto-electrical conversion hch (t), and the low-pass, anti-aliasing filter response hf (t)
before A/D conversion. In this analysis, h(t) is assumed to be causal and has a
finite time length.
In order for the DMT frames to be received and demodulated properly, two
conditions have to be satisfied (refer also to Fig. 3.3):
1. The length of the DMT frame without CP, given by T − NCP · ∆ts should
be longer than or at least equal to the time length of h(t) in order to avoid
inter-frame interference.
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2. NCP should be chosen so that its time period NCP · ∆ts is longer or equal to
the time length of h(t).
Assuming ideal sampling instances and no sampling frequency offset, every received DMT frame r(t) is sampled by the A/D converter with a sampling speed of
fs = 1/∆ts , resulting in the discrete samples
r(l∆ts ) =
=

2N −1+N
X CP
k=0
2N −1+N
X CP

s(k)p (l∆ts − k∆ts )

(3.10a)

s(k)p [(l − k) ∆ts ]

(3.10b)

k=0

where, ideally, l should consist of integer values given by l = −∞, . . . , ∞. However,
efficient demodulation of a DMT frame is accomplished by use of a 2N -point FFT,
so that r(l∆ts ) can only consist of 2N points per DMT frame. If NCP is chosen so
that its time period NCP · ∆ts is long enough to represent the entire pulse shape
p(t), choosing l = NCP , NCP + 1, . . . , 2N − 1 + NCP will result in FFT demodulation
of a DMT frame r(l∆ts ) given by
Ĉn =

2N −1+N
X CP
l=NCP

=

h
n i
r(l∆ts ) exp −j2π (l − NCP )
2N

2N −1+N
CP
X
X CP N
l=NCP

= Hn ·

h
n i
s(k)p [(l − k) ∆ts ] exp −j2π (l − NCP )
2N
k=0

2N −1+N
X CP
l=NCP

= Hn ·

2N
−1
X
k=0

n i
s(l) exp −j2π (l − NCP )
2N
h


n 
u(k) exp −j2πk
2N

= |Hn | · exp(−jφn ) · Cn ,

(3.11a)

(3.11b)

(3.11c)

(3.11d)
n = 0, 1, . . . , 2N − 1 .

(3.11e)

Hn is the 2N -point FFT of the channel impulse response h(t) at index/subcarrier
n, where n = 0, 1, . . . , 2N − 1. This can also be considered as a multiplicative gain
|Hn | and a phase shift exp(−jφn ) of each subcarrier in the received DMT frame.
Usually, preamble DMT frames with known data values are transmitted in a DMT
system in order to estimate |Hn | and exp(−jφn ) of the transmission channel. At the
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receiver, multiplying Ĉn with 1/Hn will result in the transmitted symbols Cn . This
operation is often denoted as one-tap, zero-forcing, frequency-domain equalization.
From (3.11), it can be seen that inclusion of the CP allows the linear convolution
of the DMT frame s(t) with the channel impulse response h(t) to be converted into
a cyclic convolution. Therefore, demodulation with the FFT will result in just a
complex multiplication of the sent data symbols with the channel response. When
no CP is used, demodulation with the FFT will result in inter-carrier interference.
This is also schematically represented in Fig. 3.3. Naturally, the inclusion of a CP
comes at the expense of additional redundancy.

3.2

DMT in an Optical IM/DD Channel

Especially in low-cost optical communication systems such as multimode fiber
and optical wireless systems, intensity-modulation and direct-detection (IM/DD) is
employed where only the intensity of light is modulated and not the phase. Next to
the principle of DMT, Fig. 3.1 also shows how DMT can be applied in an optical
IM/DD channel. Such an application of DMT is different from standard electrical
systems, where a bipolar baseband signal is used. However, the intensity of the
optical source can only have positive values. In IM/DD DMT systems, this problem
is commonly solved by adding a DC-bias to the bipolar DMT signal to make it
unipolar [29, 9, 21]. This is also shown in Fig. 3.1, where a DC-bias is added to
the electrical (AC-coupled) DMT waveform before driving the laser or light-emitting
diode of a short-range optical communication system. At the receiver, a simple (lowcost) photodetector is used to detect the intensity of the received light. This converts
the DMT signal, which was modulated on the intensity, to an electrical signal which
is then sampled by an analog-to-digital A/D converter for further digital processing.
Other techniques for DMT over IM/DD channels exist, without the need to add
a DC-bias to the DMT signal. One such example is asymmetrically-clipped optical
OFDM (ACO-OFDM), where the bipolar DMT waveform is clipped at the zero
value and only the positive parts are transmitted [30]. Another related technique
is pulse amplitude modulated DMT (PAM-DMT), which is discussed in Chapter 8.
Such techniques, however, are currently still under investigation and have so far only
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been proposed theoretically without practical proof of concept.
Therefore, the main method of DMT over optical IM/DD channels on which this
thesis focuses will be the one with DC-bias, as depicted in Fig. 3.1. In [31, 29], this
technique is also denoted as adaptively-modulated optical OFDM (AMOOFDM).

3.3

Cyclic Prefix and Dispersion

One important reason to use DMT (and OFDM) is the advantage to counter
multipath delay spread, also known as dispersion, with the CP. In the case of optical OFDM transmission over single-mode fiber, the CP is used to deal with e.g.
chromatic dispersion [32, 33, 34]. For DMT transmission over multimode fiber, the
CP is used to counter the effects of modal dispersion [31, 25].
The resilience of DMT to dispersion in a transmission channel is the combined
result of parallel transmission and cyclic prefix. Due to parallel transmission of the
data with multiple subcarriers, the frame period of a DMT frame is much longer
than the symbol period in the case of standard serial transmission. Therefore, interframe interference due to channel dispersion affects only a small fraction of a frame
period. By employing a cyclic prefix, this interference can be easily eliminated and
orthogonality among the subcarriers is always ensured [1].
3.3.1

Modal Dispersion in Multimode Fiber

In a multimode fiber (MMF), many different modes are excited and propagate
through the fiber. These different modes traverse different paths in the MMF, leading to a total channel impulse response h(t) which can be modeled as a summation
of individual modes

1

given by
h(t) =

M
X

γm δ (t − τm )

(3.12)

m=1

where m is the mode index number, M is the total number of excited modes, γm
is the attenuation value of the m-th mode, τm is the delay of the m-th mode, and
δ(t) represents the Dirac impulse. Although (3.12) is commonly used to describe
1

18

without taking mode-coupling and mode-mixing into account.

3.3 Cyclic Prefix and Dispersion
multimode fiber

source
input

low order mode
high order mode

input pulse form

output pulse form

Figure 3.2: Modal (multipath) dispersion in a multimode fiber.

Figure 3.3: Using cyclic prefix to combat channel dispersion.

the effect of modal dispersion for electromagnetic fields in multimode optical fibers,
it is used here to describe the power of the electromagnetic fields (of the optical
signal) following square-law detection. This is valid because mode-coupling and
mode-mixing are not considered in the model presented here, so that interference
of electromagnetic fields after photodetection is not present. Due to this effect of
modal dispersion, an ideal square pulse transmitted over the MMF will result in a
dispersed waveform, as depicted by Fig. 3.2.
When a DMT frame s(t) is transmitted, the received signal after propagation
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over the MMF can be written as
r(t) = s(t) ⊗ h(t) =

M
X

γm s (t − τm ) .

(3.13)

m=1

Without using CP, the first way to reduce the influence of modal dispersion is to
increase the DMT frame period T as given in (3.6) for NCP = 0, so that T >>
max(τm ) where max(τm ) is the largest value of τm encountered in the multimode
fiber. This is obvious from Fig. 3.3 because if the time period T of a DMT frame is
far much longer than the maximum value of modal dispersion τm , the relative effect
of inter-frame interference will be reduced to a minimum. The value of T can be
increased by using a larger number of subcarriers N for transmission, as given in
(3.6) when the sampling frequency fs and therefore signal bandwidth and bit-rate
are fixed.
However, observe from Fig. 3.3 that when no cyclic prefix is employed, even very
small values of modal dispersion will cause some inter-frame interference when r(t)
is demodulated using (3.11), resulting in a performance degradation.
By inserting a cyclic prefix (see Fig. 3.3), inter-frame interference can be avoided.
The time length of the cyclic prefix, given by TCP = NCP · ∆ts where NCP is the
number of cyclic prefix points per DMT frame and ∆ts is the D/A sampling period,
should be chosen to be larger than the largest delay span or channel impulse response
length max(τm ), of the multimode fiber. This leads to a DMT frame period length
(including CP) of T as given in (3.6). Demodulation of r(t) for TCP < t ≤ T will
lead to the same results as derived in (3.11).
3.3.2

Bandwidth Limitation and Dispersion

Next to modal dispersion in multimode fibers, bandwidth limitations of transmitter and receiver components in the frequency domain can also be regarded as
dispersion in the time domain. This effect can be included in the fiber channel
response as a low-pass filtering channel impulse response h(t), so that the same
methods mentioned previously to combat multimode dispersion can again be used
to compensate for the effects of bandwidth-limited transceiver component. Therefore, DMT is also effective for reducing the effects of bandwidth limitations in an
IM/DD channel.
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3.4

Crest Factor

A DMT signal is basically the sum of a large number of subcarriers that are
independently modulated. In multicarrier transmission systems such as OFDM and
DMT, independently modulated subcarriers may incidentally add up constructively,
leading to high peak amplitude values in the transmitted time signal [1]. When N
subcarriers add up in phase, they may produce instantaneous peak amplitude values
that are N times the average. Given a DMT time frame s(t), which was derived in
(3.7), the crest factor, is written as
speak
(3.14)
srms
is the peak signal amplitude and srms is the effective or root-mean-square
µ=

where speak

(rms) amplitude of s(t) given by
srms =

p

hs2 (t)i

(3.15)

and hs2 (t)i denotes the mean power of s(t), averaged over a large number of DMT
frames.
Although clipping is a straightforward and easy way to limit the crest factor of
a DMT signal, it introduces distortion to the signal and as a result can lead to a
degradation in performance. However, when applied moderately and properly, it
is shown in 4.3 that a certain amount of clipping can improve performance in an
IM/DD channel.
Next to clipping, various other methods have been proposed to reduce the crest
factor of DMT signals without introducing any distortion to the signal. Some of
the most well-known and popular methods include for instance selective mapping
[35, 36, 37] where different QAM constellation mapping schemes containing the same
information can be chosen depending on the resulting crest factor, partial transmit
sequence [38, 39] where selective mapping is applied to a few groups of multiple subcarriers for less computational complexity, modified signal constellations [40, 41], and
algebraic coding [42]. Although such distortion-less crest factor reduction techniques
can theoretically reduce the crest factor of a DMT system to very low values, the
complexity of such methods is often too high for practical implementation. Therefore, distortion-less crest factor reduction techniques are nowadays mostly limited
to theoretical investigation.
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3.5

Synchronization

Synchronization is an important issue in DMT transmission systems. Without
synchronization, the receiver will not be able to distinguish between different DMT
frames, leading to erroneous demodulation of the received sequence. Although numerous timing and synchronization schemes have been proposed and used for both
OFDM and DMT [43, 44, 45, 46], this thesis will limit the scope to what has been
used in the experiments presented in Chapters 4, 5, 6 and 7.
Basically, two different methods for synchronization are used. First, the cyclic
prefix of every DMT frame is used for quickly finding the start of a DMT frame.
With this method, the cyclic prefix is correlated with its delayed version at the end
of a DMT frame [47], resulting in
Z
x(t) =

TCP

r(τ ) r(t − τ − T ) dτ

(3.16)

0

where x(t) is the output of the correlator, r(t) is the received DMT frame, TCP is
the time duration of the cyclic prefix, and T is the time period of a DMT frame.
When the frame timing is correct, the cyclic prefix will correlate with the delayed
version of itself and a large correlation value x(t) is achieved, indicating the start of
a frame.
However, as a result of convolution with the channel impulse response, the CP
value of a received DMT frame r(t) for 0 ≤ t < TCP is not exactly the same as its
delayed version in the frame for T − TCP ≤ t < T . This results in a lower correlation
value x(t) from (3.16), where proper detection depends on the SNR of the received
DMT signal. For better synchronization performance, one can increase TCP to larger
values for better correlation results.
After the start of a DMT frame is found through the cyclic prefix, synchronization
between the DMT transmitter and receiver sampling clocks is performed. This is
done in the digital domain on the received data by tracking (in a decision-directed
manner) the phase of each subcarrier after the FFT operation and correcting this
for every DMT frame. Inter-carrier interference resulting from sampling frequency
offset is not corrected. Note that the method described here is the one used for the
experiments in this thesis, which is only one of many different possible methods for
clock synchronization.
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3.6

Bit-Loading

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. This is accomplished by selecting the corresponding QAM
constellation size of each subcarrier according to the number of bits that are allocated
to it. Bit-loading can be divided into two categories: rate-adaptive and marginadaptive. 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 fixed bit rate.
In practical systems, bit-loading is often used in wireline communications such
as DSL. This is because wireline transmission channels do not vary significantly with
time, resulting in a large performance gain at relatively low complexity because such
bit-loading algorithms only have to be computed during setup of a transmission link
and not updated continuously. Until now, only rate-adaptive bit-loading has found
widespread use in commercial systems. The main advantage of rate-adaptive bitloading is that no matter how bad the transmission channel is, data transmission
(even at very low bit-rates) is always possible. In this thesis, only rate-adaptive bitloading will be discussed and considered, due to its use for maximizing achievable
bit-rates.
The rate-adaptive bit-loading algorithm is a reformulation of the Shannon capacity formula and can be expressed as a problem of maximizing the total achievable
bit-rate R in bit/s, which is the sum of the allocated bits per subcarrier bn used for
DMT transmission given by [4, 48]
N −1
1 X
bn
N n=0

max(R) = max
Pn

Pn

!
·B


#
N −1
1 X
SNRn
= max
log2 1 +
·B
Pn
N n=0
Γ
" N −1

#
1 X
P n · gn
log2 1 +
·B
= max
Pn
N n=0
Γ

(3.17a)

"

(3.17b)

(3.17c)

where B is the bandwidth of the signal, n is the subcarrier index, N is the total
number of available subcarriers, SNRn = Pn · gn is the SNR per subcarrier, gn
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represents the subcarrier SNR when unit power is applied, Γ 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 Pn is the allocated power
per subcarrier, subject to a power constraint given by
N
−1
X

Pn = Ptot .

(3.18)

n=1

Ptot is the fixed total available power for transmission. The problem is now to
find the optimum distribution of bn , for n = 0, 1, . . . , N , and the corresponding
power distribution per subchannel Pn , in order to maximize the system bit-rate.
Note that maximum bit-rate is not always achieved when all N subchannels are
allocated with information bits, so that bn and Pn can be 0 for some particular n.
Therefore, the optimal solution is not always to use all available subchannels to
transmit information, but to use only the ones with the highest SNR.
The solution to this bit-rate maximization problem, which is similar to the one
that is presented in Chapter 4.2.1, is based on the use of Lagrange multipliers and
is given by [4, 49]
Γ
= constant ,
(3.19)
gn
which is commonly known as water-filling. This equation states that the solution
Pn +

that maximizes bit-rate, under the constraint of (3.18), is the one where all the
subcarriers that are used to transmit information have a constant level Pn +

Γ
.
gn

Simply stated, the optimum solution is to distribute the total available transmission
power Ptot to the subcarriers with the highest channel SNR represented by

gn
,
Γ

just

like filling a bathtub with water where water flows into the deepest point first.
Numerical computation of this water-filling algorithm is possible and leads to
the optimum solution which, however, allocates non-integer number of bits to each
subcarrier. This is not suitable for practical realization, so that alternative loading
algorithms resulting in bit-allocation with finite bit granularity should be considered.
In [48], Chow proposed a numerical bit-loading algorithm that results in the
allocation of bits with finite granularity. This algorithm, based on an approximation
of the water-filling solution given by (3.19), initially decides which subcarriers to use
by discarding the subcarriers with the lowest SNR for information transmission, and
redistributes the power to subcarriers with a higher SNR in order to support higher
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data rates. The non-integer number of allocated bits per subcarrier are then rounded
(both up- and downwards) to the nearest integer and the corresponding power is
adapted (both upwards and downwards) to support the newly-allocated number of
bits at the same BER performance. Due to the approximation of the water-filling
solution, Chow’s algorithm does not achieve optimum performance but has been
shown to achieve near-optimum performance [4, 48].
In the subsequent chapters of this thesis, Chow’s algorithm will be used to compute rate-adaptive bit-loading for the DMT measurements. For more details on the
implementation of this algorithm, the reader is referred to [4] and [48].
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Channel Capacity

Due to costs reasons, short-range optical communication systems mainly employ
intensity-modulation and direct-detection. Such systems do not need such high levels
of performance like long-haul single-mode fiber systems because of the much shorter
reach. Moreover, due to its enormous market volume and low sharing factor, it is
essential that the cost level of short-range optical communication systems is lowered
to the bare minimum. It is therefore most straightforward and easy to modulate the
intensity of an optical source such as an LED or a laser diode just by modulating its
driving current. Consequently, at the receiver side, only the intensity of the received
optical signal needs to be detected. A simple photodiode is enough to detect this
intensity, making an IM/DD optical communication system the cheapest system for
transmitting information by optical means.
However, such a cost advantage also comes at the expense of lower performance
as a result of lower bandwidth, leading to lower transmission bit-rates than achievable by single-mode fiber systems. It is therefore of interest to be able to characterize
a short-range optical communication system using several key parameters and estimate the maximum achievable transmission rates using these parameters.
In this chapter, theoretical investigations of the Shannon capacity of a general
optical IM/DD channel are performed. An analytical IM/DD channel model is
derived and capacity calculations are made based on this model for two common
low-pass frequency channel responses: the Gaussian and the first-order low-pass.
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These two channel responses are chosen because they approximate the response of
an optical IM/DD channel well. Additionally, the influence of DMT on the ideal
channel capacity is analyzed and the concept of bit-loading is introduced and it is
shown how it is used to maximize the achievable capacity with DMT.

4.1

The IM/DD Channel Model

Before analyzing the capacity of an optical IM/DD system, a general model for
the transmitter, channel, and receiver should first be considered. Fig. 4.1 shows a
block diagram of such an IM/DD channel model which will be used in the further
analysis.
Electrical
domain

Data
in

Electrical
Modulator

Optical
domain

β

x(t)

Optical
Intensity
Modulator

+

Popt(t)

Optical
Channel

h(t), α

Electrical
domain

R

Optical
Direct
Detection

DC-bias

r(t)

y(t)

+

Electrical
Demodulator

Data
out

n(t)

Figure 4.1: The optical IM/DD channel model.

First, an electrical modulator is used to modulate the incoming data into the
appropriate modulation format, which for example can be baseband (such as amplitude shift keying), consisting of a single subcarrier (modulated with phase shift
keying or QAM), or multiple subcarriers such as DMT. This results in a transmitted
electrical current x(t), which is used to drive an optical intensity-modulated source
such as an LED or a laser diode. Note that x(t) is considered to be an alternating
current (AC) coupled, bipolar signal, so that its mean value hx(t)i = 0. Due to
the fact that only the intensity of light is modulated and detected in an IM/DD
channel, a unipolar modulated signal is needed to drive the optical intensity of the
light source. This is achieved by adding a DC bias to x(t).
Fig. 4.2 shows a model of an ideal linear optical intensity modulator, which will
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Output Power

Popt

I (t )
0

Input Current
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Ibias
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Figure 4.2: Ideal intensity modulator model.

be used for the analysis. Using this model, it is assumed that no optical power is
emitted when the driving current is below the threshold value of Ith , and the optical
power emission is linearly proportional to the driving current when this current is
above Ith . Moreover, there is no saturation effect for infinite values of the driving
current.
Because hx(t)i = 0, it is most efficient to set the DC bias current Ibias to a value
Ibias = Ith + xpeak

(4.1)

where xpeak represents the peak amplitude of x(t) and all values are given in the
unit A. Although Ith is depicted in Fig. 4.2 with a non-zero value, it will, for convenience, be assumed to be 0 in the following analysis. The resulting instantaneous
transmitted optical power Popt (t) in Wo can then be written as a function of its
driving current
Popt (t) = β [Ibias + x(t)]
= β [xpeak + x(t)]
i
h p
= β µ hx2 (t)i + x(t)

(4.2)

= β [µxrms + x(t)]
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where β is the quantum efficiency of the electrical current-to-optical power conversion given in Wo /A and xrms is the rms amplitude of x(t) given by
xrms =

p
hx2 (t)i

(4.3)

and hx2 (t)i denotes the mean electrical signal power of x(t). µ is the peak-to-rms
factor of x(t), which is commonly known as the crest factor
µ=

xpeak
.
xrms

(4.4)

Note that the crest factor µ is always ≥ 1. As x(t) is a generic zero-mean signal, the
mean transmitted optical power Pmean depends on the crest factor µ of x(t) given
by
Pmean = hPopt (t)i = βµxrms = βxpeak .

(4.5)

After transmission over the channel, the optical signal is detected by a receiver
which is assumed to consist of a photodiode and a trans-impedance amplifier. The
received electrical signal from the photodetector y(t) in V, which is assumed to be
passed through a DC-block, can be written as
y(t) = r(t) + n(t)

(4.6)

where r(t) is the noiseless received electrical signal from the photodetector and n(t) is
additive white Gaussian noise (AWGN) which represents the thermal noise resulting
from the trans-impedance amplifier in the receiver. Because y(t) is assumed to be
passed through a DC-block, the noiseless received electrical signal r(t) is AC-coupled
(i.e. its DC component is removed), resulting in
r(t) = R · G · α · [Popt (t) − Pmean ] ⊗ h(t)
= R · G · α · βx(t) ⊗ h(t)

(4.7a)
(4.7b)

where R is the responsivity of the photodiode in A/Wo , G is the trans-impedance
gain of the photodetector in V/A, α is the channel attenuation and ⊗ denotes the linear convolution between the modulated part of the transmitted optical power βx(t)
and h(t). h(t) represents the normalized, optical intensity fiber channel impulse
response.
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4.2

The IM/DD Channel Capacity

As described previously, bandwidth is often the limiting factor for achieving
higher transmission data rates in an optical IM/DD channel. Such bandwidth limitations can either originate from the transmitter, channel, receiver, or combinations
of the aforementioned. Using the channel model derived in Section 4.1, the Shannon
capacity of a general bandwidth-limited optical IM/DD channel will be analyzed in
this section by making use of the well-known water-filling method as described in
[50, 49, 4]. The idea for this IM/DD channel analysis has first been presented by
Gaudino et al. for the SI-POF channel in [51], which forms the basis of the first
part given by Section 4.2.1. The rest of the analysis is based on the results shown
in [9], which is further elaborated in this thesis. The main results are 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 (AWGN) with power
spectral density Gn (f ), and a relevant received signal with power spectral density
Gs (f ). Gs (f ) is influenced by the bandwidth-limiting response of the entire transmission system (transmitter, receiver, and channel), which, for convenience, will be
denoted as the channel response H(f ) in the rest of this thesis. In particular, two
common types of optical IM/DD channel responses will be considered for analysis
of the Shannon capacity: the Gaussian low-pass and the first-order low-pass.
4.2.1

Gaussian Low-Pass Channel Response

An example of an IM/DD optical channel is the SI-POF channel, which, according to measurement results given in [52], can be modeled as a Gaussian low-pass
filter. Its frequency response can thus be expressed as
− 21

H(f ) = e



f
f0

2

,

p
with f0 = f3dB / ln(2)

(4.8)

where f3dB is the -3dB bandwidth of the full electrical-optical-electrical channel
given in Hz. 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 trans-impedance amplifier in the photodetector.
By treating this channel as a sum of infinitesimal subchannels and following
the advanced but well-known results from information theory [50, 49], the resulting
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Figure 4.3: Water-filling for optical IM/DD channel.

capacity C in bits/s is given by maximizing the quantity


Z +∞
1
Gs (f )
log2 1 +
C≤
df
Gn (f )
−∞ 2
under the constraint

Z

(4.9)

+∞

Gs (f ) df .

Ps =

(4.10)

−∞

The unknown in this problem is the “signal spectral distribution” Gs (f ) that
solves this optimization problem. The solution, based on Lagrange multipliers, is
given in [50, 49] and can be expressed by
Gs (f ) = (ν − Gn (f ))+
where ν is an unknown constant value to be chosen so that
Z +∞
(ν − Gn (f ))+ df = Ps

(4.11)

(4.12)

−∞

and (·)+ is the functional giving the positive part of its argument, i.e.

z if z ≥ 0
+
(z) =
0 if z < 0

(4.13)

This method is known in literature as water-filling [50], and has an intuitive explanation given in Fig. 4.3. For a given Gn (f ), finding ν in (4.11) means finding the
“level” ν so that the area of the gray region in the figure is exactly equal to Ps .
The meaning of the resulting optimal Gs (f ) is indicated in the figure using a thick
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arrow. Intuitively, the solution allocates most of the power in the frequency range
where the noise is least. In particular, no power is allocated outside the “critical
frequency” ξ, which satisfies the equation Gn (ξ) = ν. This parameter ξ will play a
key role in the following calculations regarding the Shannon capacity.
By combining (4.9) and (4.10) with the general result given by (4.11) and (4.12),
the capacity of the SI-POF channel can be calculated. The noiseless AC-coupled
received signal r(t) after photodetection, as derived in (4.7), has a power spectral
density in V2 /Hz given by
Gr (f ) = R2 G2 α2 · |H(f )|2 · β 2 Gx (f )

(4.14)

where β 2 Gx (f ) is the power spectral density of the modulated part of the transmitted
optical power, which is proportional to the modulating current x(t). By considering
flat receiver noise with power spectral density N0 /2 and using (4.9), the capacity of
the POF channel can be written as
Z

+∞

C≤
−∞

"
#
R2 G2 α2 · β 2 Gx (f ) · |H(f )|2
1
log2 1 +
df
2
N0 /2

(4.15)

with bound given by (4.18). Equation (4.15) can be further simplified to
Z

+∞

C≤
−∞

"

2

2

2

2α · β Gx (f ) · |H(f )|
1
log2 1 +
2
NEP2

#
df

(4.16)

√
with NEP defined as the noise equivalent power in Wo / Hz. NEP is a commonlyused figure of merit to characterize the noise performance of photodetectors. The
general optimization problem given by (4.9) and (4.10) can now be re-formulated
for the optical IM/DD channel if we set
Gs (f ) = β 2 Gx (f )
2

Gn (f ) =

(4.17a)

NEP
·e
2α2



f
f0

2

(4.17b)

with H(f ) as given in (4.8). The power spectral density Gx (f ) of the modulating
current x(t) is now the unknown in the optimization problem and must satisfy the
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power constraint set by (4.10), re-written as
Z +∞
β 2 Gx (f )df = β 2 x2 (t)
−∞

= β 2 x2rms

2
Pmean
=
µ
with Ps =



Pmean
µ

2

(4.18)

. Using the water-filling solution given by (4.11) and (4.12), and

by explicitly inserting the parameter ξ, the problem is re-written as
Z +ξ
(ν − Gn (f ))+ df = Ps

(4.19)

−ξ

with

NEP2
·e
2α2



ν = Gn (ξ) =

ξ
f0

2

(4.20)

which can finally be formulated as 1
2
  2

Z
 2 
f
ξ
NEP2 +ξ
Pmean
f0
f0
.
−e
e
df =
2α2 −ξ
µ

(4.21)

This turns out to be a nonlinear problem in the unknown ξ which can be solved
numerically. After some algebraic passages shown in Appendix A.1, the following
results arise
1. By introducing a new normalized parameter η = ξ/f0 , this parameter depends
only on
SNRnorm =

2
α2 · Pmean
NEP2 · f0 · µ2

(4.22)

through a nonlinear law η = g(SNRnorm ) that can be easily computed numerically. SNRnorm represents the normalized signal-to-noise ratio after photodetection.
2. The resulting capacity has a closed-form expression in η, given by
C=
1
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R +ξ
−ξ



e

f
f0

2
p
f3dB η 3 .
3 ln(2) ln(2)

2

df does not result in the error function, which is

(4.23)
f0
√
π

R +ξ
−ξ

−

e



f
f0

2

df .
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In conclusion, the capacity of the SI-POF channel can be calculated by
C=

2
p
f3dB · g 3 (SNRnorm )
3 ln(2) ln(2)

(4.24)

which depends on the -3dB bandwidth f3dB of the (Gaussian low-pass) channel and
the normalized signal-to-noise ratio SNRnorm given in (4.22). Fig. 4.4 gives a general
curve for (4.24) by plotting C/f3dB as a function of SNRnorm . From this curve, it can
be seen that for a system with for example SNRnorm = 20 dB, the resulting C/f3dB
is approximately 10. This means that the channel capacity C in [bit/s] is 10 times
larger than its -3dB bandwidth f3dB .
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Figure 4.4: Normalized capacity C/f3dB vs. SNRnorm for Gaussian low-pass channel.

4.2.2

First-Order Low-Pass Channel Response

For a first-order low-pass optical IM/DD channel, the frequency response can be
expressed as
1
 2 ,
1 + ff0

H(f ) = r

with f0 = f3dB

(4.25)

where f3dB is the -3dB bandwidth of the full electrical-optical-electrical channel.
Similar to the case in Section 4.2.1, the starting point for calculating the Shannon
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capacity is given by (4.9)
+∞

Z
C≤

−∞



Gs (f )
1
log2 1 +
df
2
Gn (f )

which again can be written as in (4.16)
"
#
Z +∞
1
2α2 · β 2 Gx (f ) · |H(f )|2
C≤
log2 1 +
df
NEP2
−∞ 2
where the difference here with (4.17) is that
Gs (f ) = β 2 Gx (f )
"
 2 #
NEP2
f
Gn (f ) =
· 1+
2
2α
f0

(4.26a)
(4.26b)

due to a different channel response |H(f )|2 given by (4.25). Analogous to (4.21),
the resulting equation to solve is now given by
" 
 2 #

2
Z
2
NEP2 +ξ
ξ
f
Pmean
−
df =
2α2 −ξ
f0
f0
µ

(4.27)

which leads a closed-form expression for the capacity of a first-order low-pass optical
IM/DD channel
2
C = f0
ln(2)

q
3

3
SNRnorm
2

− arctan

q
3

3
SNRnorm
2


(4.28)

where the normalized signal-to-noise ratio SNRnorm is defined as in (4.22). Details
regarding the mathematical passages to arrive at (4.28) are shown in Appendix A.2.
For a first-order low-pass channel response, f0 is equal to f3dB . Therefore, (4.28)
can also be written as
C = f3dB

2
ln(2)

q
3

3
SNRnorm
2

− arctan

q
3

3
SNRnorm
2


.

(4.29)

Fig. 4.5 depicts the normalized capacity C/f3dB as a function of SNRnorm for a firstorder low-pass optical IM/DD channel. The curve for Gaussian low-pass channel
response (already shown in Fig. 4.4) is also plotted in the same figure for comparison.
It is obvious that the first-order low-pass channel response has a larger capacity than
the Gaussian low-pass. For large values of SNRnorm , this difference gets significantly
larger.
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Figure 4.5: Normalized capacity C/f3dB vs. SNRnorm for first-order and Gaussian lowpass optical IM/DD channel response.

4.2.3

Crest Factor

In the previous subsections 4.2.1 and 4.2.2, the general optical IM/DD channel
capacity was theoretically analyzed for respectively a Gaussian and a first-order
low-pass channel response corrupted with AWGN. Basically, three main expressions
were derived for calculating the capacity given by the normalized SNR in (4.22)
SNRnorm =

2
α2 · Pmean
NEP2 · f0 · µ2

the capacity for the Gaussian low-pass response in (4.24)
C=

2
p
f3dB · g 3 (SNRnorm )
3 ln(2) ln(2)

and the capacity for the first-order low-pass response in (4.29)
q

q
2
3 3
3 3
C = f3dB
SNRnorm − arctan 2 SNRnorm .
2
ln(2)
By using these expressions, the capacity of an optical IM/DD channel can be separated into two parts, namely a noise-dependent part given by (4.22) and a channelresponse-dependent part given by (4.24) and (4.29).
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In particular, for a given fixed channel response, the capacity can be optimized
by optimizing SNRnorm . Other than the channel attenuation α and its bandwidth
f0 , the mean transmitted optical power Pmean , and the photodetector noise given
by its NEP, notice from (4.22) that the crest factor µ of the transmitted signal x(t),
given in (4.4) as
µ=

xpeak
xrms

also plays an important role in defining the channel capacity. In order to achieve the
highest capacity in an optical IM/DD channel, µ should be kept as close as possible
to the minimum value of 1.
It is interesting to observe that, based on the analysis presented here, the modulation format with µ = 1 will achieve the largest normalized SNR and result in
the highest capacity value possible in an optical IM/DD channel. This implies that
standard on-off-keying modulation using rectangular pulses resulting in µ = 1 will
theoretically achieve the highest capacity in an optical IM/DD channel. However,
note that this is only true under the assumption that transmission over the channel
does not cause inter-symbol interference in the pulses. Therefore, for this statement
to be valid, it is required that the channel impulse response is ideally equalized,
which is often impossible in practical realization.

4.3

Influence of DMT on Channel Capacity

In this section, the IM/DD channel capacity calculation is revised for the case
when DMT is used as the modulation format. For a large number of subcarriers
(>10), a DMT time signal x(t) can be modeled as a zero-mean, Gaussian-distributed
process with variance σx2 as in [53, 5, 54]. In order to efficiently transmit the DMT
signal over an optical IM/DD channel, the signal has first to be limited in amplitude
[29, 25, 9]. A common and straightforward method to realize this is by clipping the
time-discrete DMT waveform in the digital domain before D/A conversion, resulting
in a clipped electrical DMT signal x̂(t) after D/A conversion

x̂(t) =

38

x(t)
Aclip

for |x(t)| ≤ Aclip
for |x(t)| > Aclip

(4.30)

4.3 Influence of DMT on Channel Capacity
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Figure 4.6: Instantaneous amplitude x(t) of a DMT symbol and its associated Gaussiandistributed probability density function

where Aclip is the maximum allowed amplitude level and x(t) is the DMT signal
without clipping. The modulated signal to be transmitted is now given by x̂(t) and
its clipping-limited crest factor µ defined in (4.4) depends now on the amount of
clipping as
µ=

xpeak
Aclip
=p
xrms
hx2 (t)i

(4.31)

where hx2 (t)i denotes the mean power of the DMT time signal x(t) without clipping.
Typical values for µ lie in the range of 2.5 to 3.5 as given in [29, 25, 26]. After
clipping, a DC bias is added to the electrical DMT signal x̂(t) for driving the optical
intensity modulator so that (4.2) is rewritten as
Popt (t) = β [µxrms + x̂(t)] .

(4.32)

Although clipping can improve the system performance by minimizing µ, it however also introduces additional noise-like distortion into the system, thereby degrading performance. While the general channel capacity analysis in Section 4.2 only
considered AWGN resulting from the photodetector, this section will include clipping
noise into the capacity analysis as a result of the use of DMT. Additionally, DMT
requires the use of D/A and A/D converters so that the influence of quantization
noise is also considered.
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4.3.1

Clipping Noise

A DMT modulated signal is basically the sum of a large number of subcarriers
that are independently QAM modulated. As shown in [53] and [5, 54], such a DMT
signal can be approximated with a zero-mean Gaussian-distributed process with
variance σx2 = hx2 (t)i as depicted in Fig. 4.6. From the figure, it can be seen that
the instantaneous amplitude x(t) spans a large range with a maximum value that
arises when a large number of modulated subcarriers incidentally add in-phase.
Since the maximum instantaneous amplitude occurs very rarely due to statistical
averaging, it can be advantageous to clip the signal to a certain value Aclip to tradeoff the resulting clipping noise against the gain with regard to photodetector thermal
noise due to a smaller µ (see equation (4.22)) as shown in [29, 25, 26]. Using this
Gaussian-distribution model, the noise power resulting from symmetrical clipping of
a bipolar DMT signal to −Aclip and Aclip according to (4.30) can easily be expressed
by
Z

+∞


z 2 − A2clip · p(z) dz

Pclip = 2 ·

(4.33)

Aclip

with the probability density function


z2
1
p(z) = prob {x(t) = z} = √ exp − 2 .
2σx
σx 2π

(4.34)

Solving (4.33) leads to
Pclip

+∞



z2
z −
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2σx
Aclip
r
#+∞
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z
2
z
= σx2 − A2clip erf √
− σx z
exp − 2
π
2σx
2σx
Aclip
"
r


 2 #

µ
2
µ
= σx2 1 − µ2 erfc √
+µ
exp −
π
2
2
2
= √
σx 2π
"

Z

2

A2clip



(4.35)

where µ is the clipping-limited crest factor given by µ = Aclip /σx , σx2 is the mean
DMT signal power before clipping, and erf(·) and erfc(·) denote respectively the
error-function and the complementary error-function. Note that (4.35) is different
from the results derived in [54], due to a different approach of calculation.
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4.3 Influence of DMT on Channel Capacity
Because of the many independently modulated subcarriers and incidental occurrence of large peaks, clipping can be approximated by a random process and
therefore clipping noise can be assumed to be white. Additionally, due to the use of
D/A converters with finite dynamic range and quantization, clipping is performed
digitally before D/A conversion. Assuming that no digital oversampling is used,
the clipping noise bandwidth is equal to the signal bandwidth so that the signal-toclipping noise power ratio is written as
σx2 − Pclip
Pclip
"
r

 2 #−1


µ
2
µ
+µ
exp −
−1.
= 1 − µ2 erfc √
π
2
2

SNRclip =

(4.36)

In order to calculate the capacity of a DMT signal over an IM/DD channel, (4.22)
should be re-formulated to include the effect of clipping. From (4.22), SNRnorm can
be re-written to consist of an electrical photodetector (white) thermal noise power
part Ptherm and a received electrical signal power part Psig as
2
α2 Pmean
1
·
µ2
NEP2 · f0
1
=
· Psig
Ptherm

SNRnorm =

(4.37)

where
Ptherm = NEP2 · f0
and
Psig =

2
α2 Pmean
.
µ2

(4.38)

(4.39)

By adding the influence of clipping and setting σx2 = Psig , (4.37) becomes
SNRnorm =

P̂sig
Ptherm + Pclip

(4.40)

where Ptherm is given in (4.38), Pclip is given in (4.35), and P̂sig is the received
electrical DMT signal power after clipping given by
P̂sig = Psig − Pclip .

(4.41)
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Figure 4.7: SNRnorm as a function of crest factor µ after clipping. Lines depict analytical
results and circles depict Monte-Carlo simulation results.

In Fig. 4.7, the analytical expressions for SNRnorm with and without taking
clipping noise into account are plotted as a function of the (clipping-limited) crest
factor µ using the parameters given in Table 4.1. The dashed line depicts the
curve of P̂sig /Ptherm , indicating that clipping also reduces the useful DMT signal
power, leading to lower SNR values when compared to the values given by (4.37).
Furthermore, Monte-Carlo simulation results using a 256-subcarrier DMT system
are plotted in the same figure to compare the accuracy of the analytical model. A
difference can clearly be observed between the analytical and simulation results for
large values of clipping (low crest factor values). However, by use of a correction

Table 4.1: Parameters used for results in Fig. 4.7 and 4.8.

Parameter
α · Pmean
NEP
f0
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Value
-11.5
16 · 10−12
500 · 106

[Units]
dBm
√
W/ Hz
Hz
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Figure 4.8: SNRnorm as a function of crest factor µ after clipping, with correction factor. Lines depict analytical results and circles depict Monte-Carlo simulation
results.

factor
µ0 = µ − 0.7

(4.42)

for Pclip , (4.35) is re-written as
"
Pclip = σx2



1−µ
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2
µ
exp −
π
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(4.43)

leading to the results shown in Fig. 4.8. From the figure, it can be seen that the
analytical results correspond very well to simulation results when the correction
factor is taken into account.
4.3.2

Quantization Noise

Next to clipping noise, DMT implies the use of D/A and A/D converters so that
the effect of quantization noise should also be taken into account. This will result in
a more realistic approach for the IM/DD channel capacity calculations when using
DMT. Assuming that only two-fold oversampling is used according to the Nyquist
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criterion, the quantization noise power Pquan of the A/D and D/A converters is given
by [49, 55]
1 2
∆
12

2
1 2Amax
=
12
2q

Pquan =

(4.44)

(2Amax )2
12 · 22q
where ∆ is the quantization step size, Amax is the maximum amplitude of the gen=

erated respectively captured waveform and q is the number of quantization bits.
According to the IM/DD channel model in Section 4.1, Amax should be set equal to
Pmean as derived in (4.5) and can therefore be expressed as a function of the crest
factor µ, leading to
4µ2 hx2 (t)i
µ2 Psig
(2Pmean )2
=
=
.
(4.45)
Pquan =
12 · 22q
12 · 22q
3 · 22q
This shows that quantization noise also depends on the crest factor of the transmit
and receive electrical waveform.
4.3.3

Conclusion

In conclusion, for calculating the IM/DD channel capacity when DMT is used
as the modulation format, the normalized SNR (4.22) derived in Section 4.2 is reformulated in this section to include clipping and quantization noise, resulting in
SNRnorm =

Psig − Pclip
Ptherm + Pclip + Pquan

(4.46)

with Psig as defined in (4.39), Ptherm as in (4.38), Pclip as in (4.43), and Pquan as in
(4.45). (4.46) is a closed-form expression that depends on µ so that the optimum
clipping factor resulting in the maximum normalized SNR and therefore the maximum capacity can always be determined for a given IM/DD DMT transmission
system. In Fig. 4.9, analytical curves for SNRnorm are plotted as a function of µ at
different levels of quantization.
In order to calculate the DMT IM/DD channel capacity, (4.46) should be used
together with the channel-response-dependent expressions given by (4.24) and (4.29)
for the Gaussian respectively first-order low-pass IM/DD channel responses.
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Figure 4.9: SNRnorm as a function of crest factor µ after clipping, for different number of
quantization bits.

4.4

Validation with Experimental Results

In order to validate the capacity values determined in Section 4.3, experiments
with DMT transmission over different lengths of SI-POF have been performed.

4.4.1

Ideal Theoretical Capacity

Using the analytical results derived in Section 4.2 and 4.3, the capacity of an SIPOF channel can be calculated if its f3dB is known. Therefore, measurements have
been done to determine the f3dB of different lengths of SI-POF. For the measurements, a 655-nm DVD laser diode (LD) (500-MHz bandwidth) is used as transmitter and a Si-photodetector with trans-impedance amplifier (300-MHz bandwidth) is
used as receiver. 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.
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General Case
The measured electrical-to-electrical f3dB values for different lengths of SI-POF are
listed in Table 4.2, together with the channel capacity values, calculated based on
the parameters given in Table 4.3. These capacity values represent the Shannon
capacity, in an ideal case where only Gaussian white (thermal) noise is present (no
clipping and quantization noise), limited by the IM/DD channel response. The
appropriate expressions used for calculating these values are given by (4.22), (4.24),
and (4.29). Additionally, the crest factor µ of the transmitted information signal is
assumed to be 1, which maximizes capacity.
Observe from Table 4.2 that two sets of capacity values are calculated, one
assuming a Gaussian low-pass and the other assuming a first-order low-pass response
for the SI-POF channel. In both cases, the -3dB frequency is chosen to be the same
as the experimental values. For comparison, the measured frequency response for
50 m, 100 m, and 200 m of SI-POF are depicted in Fig. 4.10. Although the frequency
response of an SI-POF channel can be approximated well with a Gaussian low-pass
function for lengths ≥ 200 m [52], it can be seen from Fig. 4.10 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 (dashed
lines) results in large discrepancies at frequencies beyond the -3dB point. This can
clearly be seen from the curves measured with 100 m and 50 m of SI-POF (solid
dark lines). The difference is caused by mode coupling, where equilibrium mode
Table 4.2: Calculated theoretical capacity of SI-POF approximated by a Gaussian respectively first-order low-pass channel response. Only Gaussian white noise is
considered and a crest factor µ = 1 is assumed.

Length
[m]
25
50
75
100
150
200
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Measured
-3dB bandwidth
[MHz]
200
110
83
62
33
17

Gaussian approx.
SNRnorm Capacity
[dB]
[Gbit/s]
70.1
13.2
65.7
6.6
59.9
4.3
54.2
2.7
42.9
1.0
31.8
0.3

First-order approx.
SNRnorm Capacity
[dB]
[Gbit/s]
70.9
151.7
66.5
59.4
60.7
28.6
55.0
13.7
43.7
3.0
32.6
0.6

4.4 Validation with Experimental Results
Table 4.3: Parameters used for calculating the SI-POF channel capacity.

Parameter
Mean transmitted optical power
Fiber attenuation at 650 nm
Noise equivalent power
D/A and A/D quantization∗
∗

Value
2.5
140
16 · 10−12
8

Pmean
α
NEP
q

[Units]
dBm
dB/km
√
W/ Hz
bits

Only for results depicted in Table 4.4 and Fig. 4.12.
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Figure 4.10: Measured frequency response for different lengths of SI-POF using a 650nm laser diode (solid lines), with (gray) and without (black) mode-mixing
applied. The dashed lines depict Gaussian low-pass curves, fitted to the
same electrical -3dB bandwidth.

distribution is not reached for SI-POF lengths < 200 m due to the low-NA launch
by directly coupling the LD to the SI-POF. Naturally, when other optical sources
such as an LED or RC-LED are used for coupling light into the SI-POF, different
results might be obtained.
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 (solid
gray 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
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Figure 4.11: Similar results as in Fig. 4.10, but with the dashed lines now representing
first-order low-pass curves, fitted to the same electrical -3dB bandwidth.

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 SI-POF, mode mixing doesn’t influence the results very much, indicating
that equilibrium mode distribution is reached after 200 m. From the results given in
Fig. 4.10, 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 should be larger than those calculated
using a Gaussian low-pass approximation given in Table 4.2.
As a result, Table 4.2 also shows capacity values that are calculated using a firstorder low-pass approximation for the channel response. Obviously, these values are
much larger than those using a Gaussian low-pass approximation. Fig. 4.11 shows
again the same SI-POF measurement results, but with first-order low-pass frequency
response curves having the same -3dB frequencies as the measured curves. For SIPOF lengths < 200 m, it is clear that a first-order low-pass channel approximation
is more realistic.
In conclusion, Fig. 4.10 and 4.11 show that the SI-POF channel can be approx-
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imated by both a Gaussian and a first-order low-pass response model, depending
largely on the launching condition, the amount of mode mixing, and the length of
the SI-POF. When insufficient mode filling is present in the SI-POF, a first-order
low-pass channel approximation is generally valid. In the case where sufficient mode
filling is present so that equilibrium mode distribution is achieved, a Gaussian lowpass channel response model should be used for the SI-POF. In the following, a
first-order low-pass channel approximation will be used to evaluate the capacity of
SI-POF for lengths < 200 m and a Gaussian low-pass channel approximation will
be used to evaluate the capacity of 200 m SI-POF.
DMT Modulation
As already shown in Section 4.3, the use of DMT will produce clipping and quantization noise in addition to the photodetector thermal noise in an IM/DD channel.
This will reduce the maximum achievable capacity of the channel depending on
the amount of clipping (resulting in a clipping-limited signal crest factor) and the
number of quantization bits used by the D/A and A/D converters.
The derived analytical expression (4.46) can be used to determine the normalized
SNR, represented by SNRnorm , and used in combination with (4.24) or (4.29) to
calculate the maximum theoretically achievable capacity of an IM/DD channel using
DMT as the signal modulation format. This has been done for the measured SITable 4.4: Calculated theoretical capacity of DMT over SI-POF at optimum crest factor
values, including thermal, clipping, and quantization noise. For lengths up to
150 m, a first-order low-pass channel approximation is used.

Length
[m]
25
50
75
100
150
200
∗

Measured
Optimum
-3dB bandwidth
crest
[MHz]
factor
200
3.9
110
3.9
83
3.9
62
3.8
33
3.4
17
2.8

SNRnorm
[dB]

Capacity
[Gbit/s]

40.6
40.5
40.1
38.8
32.0
22.2∗

14.1
7.7
5.6
3.8
1.1
0.2∗

Gaussian low-pass approximation
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Figure 4.12: SNRnorm as a function of clipping-limited crest factor µ for different SI-POF
lengths.

POF -3dB bandwidth results based on the parameters in Table 4.3 and is presented
in Table 4.4. The number of quantization bits is set to 8. For the capacity results,
optimum crest factor values that maximize capacity are used for the calculation.
These values are derived from Fig. 4.12, where the calculated SNRnorm from (4.46)
is plotted as a function of the clipping-limited crest factor µ at different SI-POF
lengths. From the capacity calculations shown in Table 4.4, Gbit/s-transmission
speeds can be expected over up to 150 m SI-POF by employing DMT.
4.4.2

Bandwidth-Limited Numerical Approach

Application of DMT over SI-POF requires the use of D/A and A/D converters.
Due to sampling speed limitations of both D/A and A/D converters, the capacity
values shown in Table 4.4 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.
The key aspect of DMT is to decompose a single frequency-selective communi-
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cation channel into an equivalent multitone channel consisting of multiple parallel
frequency-flat subchannels. By limiting the SI-POF system’s bandwidth to B as a
result of D/A and A/D sampling speed and dividing the frequency response into
N equal subchannels, the optimization problem given in (4.9) and (4.10) can be reformulated [4] as a problem of maximizing the total achievable bit-rate R in bits/s
given by
N −1
1 X
bn
N n=0

max(R) = max
Pn

Pn

"
= max
Pn

"
= max
Pn

1
N
1
N

!
·B


#
SNRn
log2 1 +
·B
Γ
n=0

#
N
−1
X
P n · gn
log2 1 +
·B
Γ
n=0
N
−1
X

(4.47a)

(4.47b)

(4.47c)

where bn is the number of bits allocated to each subchannel n, SNRn = Pn · gn is the
SNR per subchannel, gn represents the subchannel SNR when unit power is applied,
Γ is the difference (gap) between the SNR needed to achieve Shannon capacity and
the SNR to achieve this capacity at a given bit error probability, and Pn is the
allocated power per subchannel, subject to a power constraint given by:
N
−1
X

Pn = Ptot .

(4.48)

n=0

Ptot is the fixed total available power for transmission. The problem is now to find
the optimum distribution of bn , for n = 0, 1, . . . , N , and the corresponding power distribution per subchannel Pn , in order to maximize the bit-rate. Note that maximum
bit-rate is not always achieved when all N subchannels are allocated with information bits, so that bn and Pn can be 0 for some particular n. Therefore, the optimal
solution is not always to use all available subchannels to transmit information, but
to use only the ones with the highest SNR.
Similar to (4.12), the solution to this bit and power allocation problem is the
water-filling method. In this case, the solution is computed numerically using the optimum rate-adaptive water-filling algorithm as described in [4]. This algorithm computes the maximum achievable bit-rate R 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,
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Table 4.5: Parameters used for numerical computation of the DMT over SI-POF channel
capacity, including quantization and clipping noise, and sampling bandwidth
limitation.

Parameter
Clipping-limited crest factor
µ
Mean transmitted optical power
Pmean
Fiber attenuation at 650 nm
α
Noise equivalent power
NEP
D/A and A/D quantization
q
D/A and A/D sampling bandwidth B

Value
3
2.5
140
16 · 10−12
8
312.5

[Units]
dBm
dB/km
√
W/ Hz
bits
MHz

Table 4.6: Comparison of DMT over SI-POF capacities at 650 nm.

Length
[m]

Theoretical
Capacity∗
(optimum µ)
[Gbit/s]

25
50
75
100
150
200
∗

14.1
7.7
5.6
3.8
3.4
2.8

Theoretical
Capacity
(µ = 3)
[Gbit/s]
7.8
4.3
3.2
2.4
1.0
0.2

Numerical
Capacity
(µ = 3)
[Gbit/s]

@ BER = 10−3

1.7
1.6
1.4
1.4
0.7
0.2

[Gbit/s]
2.0
1.6
1.5
1.4
0.4
0.1

Measured
Capacity
(µ = 3)

From Table 4.4

instead of an analytical low-pass channel response approximation. The considered
system bandwidth B is limited to a Nyquist frequency of 312.5 MHz, which corresponds to the maximum sampling speed of the D/A converter (625 MSamples/s)
used for measurements that will be described in Section 4.4.3. Additionally, quantization and clipping noise are included in the numerical analysis. In order to have
realistic values for the channel SNR gn defined in (4.47c), the noise power spectral
density of the photodetector used for the measurements is measured and considered
in the computation as well. Although optimum values exist for the clipping-limited
crest factor µ of the DMT signal and can be calculated using (4.46), µ is fixed to
3 in this section’s analysis due to comparison purposes with experimental results in
Section 4.4.3.
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Table 4.5 gives a summary of the parameters used in the numerical computation
of the DMT over SI-POF channel capacity. The results are shown in Table 4.6.
For better comparison with measurement results, the theoretical capacity results
(given in Table 4.4) that were calculated using optimum values for µ have now
been re-evaluated with µ = 3. These values are also depicted in Table 4.6. It can
be seen that for short lengths of SI-POF (< 100 m), the numerically computed
capacity values are significantly lower than the theoretical values. This results from
bandwidth limitation due to the D/A and A/D sampling speeds, considered in the
numerical computation. For lengths > 100 m, the measured frequency responses
resemble the Gaussian approximation more and the SI-POF bandwidth dominates
above the D/A and A/D sampling bandwidth. Therefore, the capacity values are
more similar to each other.
4.4.3

Transmission Experiments

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. The concept
of bit-loading has already been presented in Section 3.6. In the following experiments described in this section, rate-adaptive bit-loading will be applied in order to
maximize the achievable transmission rate over SI-POF.
In Section 4.4.2, the optimum rate-adaptive water-filling algorithm [4] 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 sub-optimal finite bit-loading algorithms, such as the
Chow’s rate-adaptive algorithm [48]. This algorithm is based on (4.47) 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
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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 [4, 48] and will be
used in the following to compute rate-adaptive bit-loading for DMT over SI-POF
measurements.

Figure 4.13: Experimental setup for DMT over SI-POF. Tx: Transmitter; Rx: Receiver;
LD: Laser diode; PD: Photodetector.

DMT transmission over 100 m of SI-POF
Fig. 4.13 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:
1. 256 subcarriers, first subcarrier at DC not used,
2. 1.2 % cyclic prefix and 1 % DMT preambles,
3. clipping-limited crest factor µ = 3,
4. 312.5 MHz bandwidth.
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As will be shown in Chapter 5.2, a larger number of subcarriers will result in better
DMT performance. In this experiment, a relatively large number of 256 subcarriers
is chosen for comparison purposes with the RC-LED experimental results presented
in Chapter 6.1.2. This number can certainly be increased to achieve better performance, but will require more hardware resources in practical realization. In the case
of cyclic prefix length, the optimum value of 1.2 % is found by evaluating the system
performance starting from a large value and decreasing until performance deterioration is observed. The amount of DMT preambles overhead is also optimized with
the same method. The clipping-limited crest factor value is chosen to be comparable
to the results in Chapter 6.1.2.
Following this, the analogue 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 Appendix B and [56, 57], 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 SIPOF, 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 8500A real-time digital
storage oscilloscope with a nominal resolution of 8 bits and a sampling speed of
2.5 GSamples/s. Such a high sampling speed (four-fold oversampling compared to
the D/A converter in the transmitter) is used due to the lack of an appropriate
(steep) low-pass filter for both anti-aliasing and receiver noise-filtering purposes.
Therefore, oversampling in this case enables the implementation of an ideal brickwall low-pass filter in the digital domain. In a practical system, it is foreseeable
that custom-designed high-quality low-pass filters at dedicated frequencies will be
available (which is common in commercial DMT and OFDM systems) so that digital
emulation is not necessary anymore and sampling speeds closer to 625 MSamples/s
can be used. Additionally, oversampling also enhances the effective resolution of
the oscilloscope. After the received DMT time samples are captured, these are then
stored and demodulated using offline processing.
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Figure 4.14: 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.

It should be noted that for the experiments, the sampling clocks of the AWG and
oscilloscope are free-running and not synchronized with a cable. This is done in order
to emulate the performance of a realistic system, where the clocks of the transmitter
and receiver are (physically) different and always need to be synchronized with some
synchronization algorithm. In this case, synchronization is also performed on the
captured data in the digital domain using offline processing according to the method
described in Chapter 3.5.
Initially, all subcarriers are loaded with 4 information bits each, corresponding to
a modulation format of 16-QAM. From the received and demodulated DMT signal,
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Figure 4.15: Received constellations after transmission over 100 m of SI-POF. (a) 128QAM, subcarrier 29; (b) 4-QAM, subcarrier 252.

the SNR per subcarrier is estimated (see Fig. 4.14a) and used to compute Chow’s
rate-adaptive bit-loading. This results in the bit-loading scheme per subcarrier as
depicted in Fig. 4.14b. Note the saw-tooth-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 typical stair-case-shaped SNR per subcarrier after bit-loading can be
noticed from Fig. 4.14a. An aggregate transmission bit-rate of 1.62 Gbit/s is hereby
achieved for a total averaged BER of 1 · 10−3 . After deduction of cyclic prefix,
preambles, and 7 % forward 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. 4.15 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 subcarrier is plotted in Fig. 4.16, evaluated after transmission
and reception of over 30000 DMT frames (more than 30 · 106 bits). Because the
serial data is transmitted in parallel over subchannels with DMT, the total uncoded
BER of the received data is evaluated by considering the total number of erroneous
bits of all subchannels divided by the overall number of transmitted bits, which is
calculated to be 1 · 10−3 . This BER value can be corrected to values ≤ 10−9 by
use of forward error correction (FEC) coding, which is not implemented here in
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Figure 4.16: Evaluated BER per subchannel. Total averaged BER = 1 · 10−3

the experiments. The 7 % overhead required for standard (Reed-Solomon) FEC is,
however, considered and included in the calculation of the transmission bit-rates.
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. 4.13, where
only the cyclic prefix length is optimized for the different SI-POF lengths. 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 1·10−3 are listed and compared
to the theoretical and numerical values in Table 4.6.
Fig. 4.17 shows the results of Table 4.6 in graphical form, where the capacity values are plotted as maximum achievable bit-rates for the different SI-POF lengths.
Notice the good correspondence between the numerical and measured values, resulting from an accurate modeling of quantization and clipping noise. At 200 m,
the theoretical, numerical, and measured values correspond well with one another
because the bandwidth-limitation is dominated by the SI-POF channel. As the SIPOF lengths get shorter, the numerical and measured results seem to saturate and
deviate more from the theoretical ones because the performance is limited by the
D/A and A/D sampling bandwidths.
By calculating the bit-rate-length products from the theoretical, numerical and
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Figure 4.17: Maximum achievable bit-rate for theoretical, numerical, and measured capacity values of different lengths of SI-POF at µ = 3.
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Figure 4.18: Bit-rate-length product for theoretical, numerical, and measured capacity
values of different lengths of SI-POF at µ = 3.
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measured capacity values, a better insight to the system performance can be gained.
Fig. 4.18 shows these values as a function of the SI-POF length. Unlike the capacity
results in Fig. 4.17, it is observed from Fig. 4.18 that shorter SI-POF lengths do not
give the best performance in terms of bit-rate-length product. For all theoretical,
numerical, and measured values, the maximum bit-rate-length product is achieved
at an SI-POF length of 100 m. This is caused by the fixed value of µ = 3, which is
apparently optimum for the measurement setup at an SI-POF length of 100 m. For
lengths < 100 m, all bit-rate length products decrease due to the relatively larger
influence of clipping noise. This results from the fact that µ = 3 is not the optimum
crest factor anymore for lengths < 100 m. For shorter SI-POF lengths, larger values
of µ should be chosen to improve performance, which is confirmed by the results
depicted in Fig. 4.12. For SI-POF lengths > 100 m, the bit-rate-length products
reduce as a result of the low bandwidth of SI-POF. Overall, the numerical results
using the measured frequency responses correspond well to the measurement results.
The difference with regard to the theoretical values is due to bandwidth-limitation
of the D/A and A/D converters, which is not considered in the theoretical analysis.

4.5

Summary

Fig. 4.19 shows a schematic overview of the optical IM/DD channel capacity
analysis presented in this chapter. It is shown that the derived closed-form expressions for calculating the channel capacity can be split into two main parts, one
considering the effects of the channel response, and the other considering the SNR
resulting from the effects of white noise.
The effects of the channel response are described by expressions (4.24) and (4.29)
for respectively the Gaussian and first-order low-pass.
The effects of noise are described by the normalized signal-to-noise ratio SNRnorm .
This can be calculated using (4.22) when considering only (white) thermal noise, or
adding (4.45) for quantization noise. In the case of DMT modulation, the expression
given by (4.46) is derived. Next to quantization noise, (4.46) also includes the effect
of clipping noise. In this expression, clipping noise is assumed to be white. Due
to the use of digital clipping, where the digital DMT waveform is clipped before

60

4.5 Summary

Figure 4.19: Schematic overview of the optical IM/DD channel capacity analysis.

D/A conversion, the bandwidth of this clipping noise is the same as the DMT signal
bandwidth (when no extra oversampling in the digital domain is used). By using a
correction factor as given by (4.43), it was validated that this corresponds well with
simulation results.
Finally, experiments with SI-POF were performed to validate the expressions
with DMT modulation. Results showed that the SI-POF channel can be approximated with a first-order low-pass response when insufficient mode filling is present.
When sufficient mode filling is present so that equilibrium mode distribution is
achieved, a Gaussian low-pass channel response should be used to model the SIPOF. Furthermore, it was found that the D/A and A/D converter sampling speeds
(and therefore bandwidths) were limiting the maximum achievable bit-rates over
SI-POF to values below the calculated capacity. Numerical results including the
converter bandwidth limitations showed good correspondence with measurement
results.
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Optimizing DMT Performance

This chapter investigates the most important parameters for optimizing the performance of DMT. Also, the advantages of DMT are presented and experimental
results are presented to show why DMT is attractive to use and can counter a lot of
issues found in optical IM/DD channels despite the drawback of high crest factor.

5.1

Clipping

As already shown in Chapters 3 and 4, the main drawback of DMT is the large
crest factor. Especially in an IM/DD channel where only the intensity is modulated,
signals with large crest factors will suffer more from the impact of receiver (thermal)
noise, resulting in lower SNR values as shown by (4.22). However, in Section 4.3,
it was shown to be advantageous to partly clip the DMT signal to trade-off the
resulting clipping noise against the gain with regard to receiver noise (due to a
smaller crest factor), since large instantaneous amplitudes occur very rarely due to
statistical averaging. A closed-form expression (4.46) was derived so that the SNR
of the system can be calculated as a function of the crest factor µ of the DMT
signal, limited by clipping. This section investigates the influence of clipping on the
performance of DMT over an IM/DD channel and shows that performance can be
maximized by optimizing clipping and therefore crest factor values. The definition
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Figure 5.1: SNRnorm as a function of clipping-limited crest factor, for different values of
mean received optical power. The results are calculated using (4.46) based on
the parameters given in Table 5.1.

of clipping is given in (4.30), resulting in a clipping-limited crest factor µ given by
(4.32)
Aclip
µ= p
hx2 (t)i
where Aclip is the maximum allowed amplitude level and hx2 (t)i denotes the mean
power of the DMT time signal x(t) before clipping.
By using (4.46), the optimum clipping-limited crest factor µ can be determined
for a given set of system parameters. Fig. 5.1 shows an example where SNRnorm
is plotted as a function of µ for different values of mean received optical power.
√
An NEP of 16 · 10−12 W/ Hz is assumed and quantization noise is not taken into
account. Because (4.46) does not depend on the shape of the channel response, this is
equivalent to an ideal flat channel response. The channel bandwidth is chosen to be
500 MHz. The parameters used for obtaining the results in Fig. 5.1 are summarized
in Table 5.1.
From Fig. 5.1, it is observed that optimum clipping values exist that maximize
SNRnorm and therefore also system performance. By plotting these curves for dif-
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Table 5.1: Parameters used for obtaining the results in Fig. 5.1 and 5.2.

Parameter
Channel frequency response
Channel bandwidth
Noise equivalent power
D/A and A/D quantization
DMT FFT size∗
Cyclic prefix length∗
Number of subcarriers modulated with information∗
∗

f3dB
NEP
q
2N
NCP
N −1

Value
ideal flat channel
500
16 · 10−12
infinite (ideal)
512
0
255 (DC not modulated)

[Units]
MHz
√
W/ Hz
bits
points
points

Only for simulation results in Fig. 5.2.

ferent values of mean received optical power and determining µ each time at the
maximum value of SNRnorm , optimum values for µ can be obtained as a function of
the mean received optical power. This is plotted in Fig. 5.2, where the mean received
optical power needed for a system BER of 1 · 10−3 (receiver sensitivity) is depicted
as a function of µ for simulation results using different levels of QAM modulation.
The simulation parameters are given in Table 5.1, where again an ideal flat channel
response is assumed. For the simulation, a DMT FFT size of 512 points is used
and 255 subcarriers are used to carry information. Due to the ideal flat channel, no
cyclic prefix is needed.
From the simulation results in Fig. 5.2, optimum values for µ can also be determined. Comparing these simulation results with the curve derived indirectly from
the analytical expression (4.46), the optimum values of µ seem to correspond well.
Therefore, it can be concluded that (4.46) provides an accurate estimation of the
optimum µ to use for maximizing performance of DMT transmission over an IM/DD
channel.
Finally, observe from Fig. 5.1 that the optimum µ at a mean received optical
power of -15 dBm is approximately 3.2. This happens to correspond well with the
optimum µ for the 256-QAM simulation results in Fig. 5.2. Notice from Fig. 5.1
that SNRnorm in this case corresponds to a value of 28.3 dB, which is similar to the
Es /N0 that is theoretically required for uncoded 256-QAM modulation to obtain a
BER of 1 · 10−3 .
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Figure 5.2: Optical receiver sensitivity for a system BER of 1 · 10−3 as a function of DMT
signal crest factor, limited by clipping. The dark solid line depicts the optimum
clipping-limited crest factor values derived using (4.46).

5.2

Number of Subcarriers

Next to the crest factor, the number of subcarriers N used for DMT transmission
should also be optimized in order to maximize the performance of DMT over an
IM/DD channel. This section investigates the influence of the number of subcarriers
on the effects of clipping noise, bit-loading, and non-linearity in the electrical-tooptical power conversion.
5.2.1

Bit-Loading

First of all, because the first subcarrier (at DC) is not used to transmit information due to practical purposes, higher bit-rates can be achieved when more subcarriers are used. For a flat channel frequency response with uniform bit-allocation,
where all except the first subcarrier are modulated with data, the total system
bit-rate btot is given by
btot =

66

log2 M · 2 (N − 1)
· fs
2N + NCP

(5.1)

5.2 Number of Subcarriers
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Figure 5.3: Simulation results showing the maximum achievable DMT transmission-rate
with bit-loading at BER = 1 · 10−3 for different number of DMT subcarriers
N . A Gaussian channel response with f3dB of 500 MHz is assumed and NCP
is fixed at 8 for
√ all N . Mean received optical power is -10 dBm at an NEP of
16 · 10−12 W/ Hz and µ is set to 10 so that clipping noise is negligible.

where M is the modulation level used (e.g. 16 for 16-QAM), N is the total number of
DMT subcarriers, NCP is the number of cyclic prefix points, and fs is the sampling
speed of the D/A converter for an FFT size of 2N . From (5.1), it can easily be seen
that btot will increase for larger values of N .
Next to this, a large number of subcarriers also have a positive effect when
combined with the use of bit-loading. As discussed in the previous sections, the key
aspect of DMT is to decompose a single frequency-selective communication channel
into an equivalent multitone channel consisting of multiple parallel frequency-flat
subchannels. By employing bit-loading, the modulation format (number of allocated
bits) and power per subchannel is optimized to the subchannel SNR. Therefore,
the finer the decomposition of the frequency-selective channel into N subchannels,
the better the DMT system can adapt to the frequency-dependent response of the
channel.
This performance gain is illustrated in Fig. 5.3, where rate-adaptive bit-loading
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Figure 5.4: Experimental results from Section 6.2.2 showing the maximum achievable
DMT transmission rate with bit-loading at BER = 1·10−3 for different number
of subcarriers N . Mean received optical power is fixed at +4 dBm.

is used to maximize the transmission rate of a DMT over IM/DD channel, with a
Gaussian channel response as given in (4.8). The results are obtained by simulation,
with the same parameters as given in Table 5.1, except for the channel frequency
response, FFT size, cyclic prefix length, and the number of modulated subcarriers.
The mean received optical power is set to -10 dBm, and the clipping-limited crest
factor µ is set to 10, so that the influence of clipping noise can be neglected (see
Fig. 5.1). Fig. 5.3 shows the maximum achievable bit-rate at a system BER of 1 ·
10−3 by employing rate-adaptive bit-loading for a different number of total available
DMT subcarriers N . Because the first subcarrier at DC is not used, the number of
modulated subcarriers is always equal to N − 1. The FFT size is 2N and a fixed
cyclic prefix length NCP of 8 is used to avoid inter-symbol interference resulting from
the Gaussian channel response. Observe from the results that higher performance
is achieved for larger values of N .
This conclusion is also verified by the experimental results shown in Section 6.2.2,
duplicated here in Fig. 5.4. For both back-to-back and 100 m of GI-POF, perfor-
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Figure 5.5: Experimental results from Section 6.2.2 showing the maximum achievable
DMT transmission rate with bit-loading at BER = 1 · 10−3 for different peakto-peak laser drive currents and number of subcarriers N .

mance is improved for larger number of DMT subcarriers used, with a fixed cyclic
prefix length of 8 in all cases. More details about the results are presented in Section 6.2.2. Notice that the performance gain for larger N tends to saturate, so that
the trade-off between implementation complexity for large N and its performance
gain will determine what the optimum number of DMT subcarriers is. Additionally,
one should note that a large N will result in a long DMT symbol period. As long
as the channel response is stable during a DMT symbol period, this will not cause
additional penalty when using a large number of subcarriers for DMT transmission.
5.2.2

Non-linearity

The results in Section 6.2.2 also discuss the influence of the number of subcarriers
on the transmitter non-linearity in the electrical-to-optical power conversion process.
Fig. 5.5 shows a preview of the results because this is also of interest in this section.
In the figure, the maximum achievable bit-rate (at BER = 1 · 10−3 ) with rate-
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Figure 5.6: Measured static optical output power as a function of static driving current
of DFB laser used for obtaining the results in Fig. 5.5 and 5.7. Ith : threshold
current; Ipp : peak-to-peak driving current.

adaptive bit-loading is plotted against the peak-to-peak laser driving current Ipp .
However, an optical attenuator is used to keep the mean optical received power
at a fixed value of +4 dBm, for all values of Ipp . This is done to eliminate the
influence of receiver (thermal) noise, resulting from higher received optical power
for larger Ipp . Therefore, for larger Ipp , only the influence of non-linearity in the
laser current-to-optical power conversion process should be observed.
Nevertheless, from Fig. 5.5, only the performance increase due to the use of
a larger number of DMT subcarriers can be observed, which was already shown
in Fig. 5.3 and 5.4. No significant connection between laser non-linearity and the
number of DMT subcarriers can be noticed. Additionally, for larger Ipp , performance
does not seem to decrease.

5.3

Transmitter Non-Linearity

Furthermore, the results in Section 6.2.2 also show the influence of non-linearity
in the laser current-to-optical power conversion process on the performance of DMT.
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Figure 5.7: Experimental results from Section 6.2.2 showing the maximum achievable
DMT transmission rate with bit-loading at BER = 1 · 10−3 for different peakto-peak laser drive currents and at different received optical powers.

Fig. 5.6 depicts the measured static optical power as a function of static driving
current for the DFB laser which is used to obtain the non-linearity results plotted
in Fig. 5.7. For larger values of the peak-to-peak laser driving current Ipp , Fig. 5.7
shows the maximum achievable bit-rate using DMT with rate-adaptive bit-loading.
An optical attenuator is used to fix the mean optical received power at a constant
value for increasing Ipp . This is done to eliminate the influence of receiver (thermal)
noise, resulting from higher received optical power for larger Ipp . Therefore, for
larger Ipp , only the influence of non-linearity in the laser current-to-optical power
conversion process should be observed.
However, from Fig. 5.7, it can be observed that the DMT performance stays
constant for increasing peak-to-peak driving current Ipp , up to a value of 160 mA,
which is the maximum value specified for the DFB laser. This indicates that the
static non-linearity in the laser current-to-optical power conversion, which was measured and depicted in Fig. 5.6, does not influence the (dynamic) DMT performance
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significantly. Indeed, static non-linearity is not a good figure of merit to characterize the non-linearity effects in the current-to-optical power conversion process
when a dynamic driving current is used. The reason for this is that non-linearity in
current-to-optical power conversion mainly occurs due to saturation effects because
insufficient holes and electrons are able to recombine in a timely manner. This however, is a relatively slow process and is more evident when slow-varying or static
driving currents are applied.
For the results shown in Fig. 5.7, it can be concluded that the non-linearity limits
of the DFB laser have not yet been reached in the case of dynamic DMT modulation
with Ipp values up to 160 mA. Therefore, DMT performance deterioration is not
observed for larger values of Ipp . One might increase Ipp to values even larger than
160 mA until the actual limit for dynamic non-linearity is reached. However, due
to specifications of the DFB laser, this has not been done for the measurements
depicted in Fig. 5.7.
In conclusion, following the results presented in this section, it can be implied
that non-linearity in the current-to-optical power conversion process is more pronounced not only for slow-varying, but also non-dynamic, periodic (low crest factor)
modulation signals. Multi-carrier waveforms such as OFDM and DMT, however,
are known for their highly dynamic amplitude values, leading to a large crest factor.
Statistically, large peaks do not occur very often and are random in nature (nonperiodic). Due to these infrequent and irregular peaks, saturation effects are less
likely to take place in the current-to-optical conversion process because sufficient
holes and electrons are often present for recombination. Therefore, non-linearity
issues are less pronounced and should be less critical for DMT transmission, when
compared to other modulation formats.
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DMT Experiments

The DMT concept of dividing a frequency-selective channel into multiple flat-frequency
subchannels and the ability to adapt the modulation format and power for each of
this subchannel can prove to be very beneficial in an IM/DD channel. This chapter presents some examples in the form of experimental results for PMMA POF,
perfluorinated POF, and optical wireless.

6.1

Poly-Methyl-Methacrylate (PMMA) POF

With its widespread adoption in mass-markets like automotive and industrial
Ethernet, the standard PMMA step-index plastic optical fiber (SI-POF) with a 1mm large core has proven to be a robust, low-cost, and easy to install transmission
medium. These unique features make the SI-POF a highly attractive candidate
for in-building networks requiring data rates ranging from 1 Gbit/s (IEEE 1394b,
Gigabit Ethernet) to about 3 Gbit/s (HDTV). Due to its large diameter, modal
dispersion limits the bandwidth of the SI-POF to approximately 35 MHz at 100 m,
an inferior value compared to that of silica multimode fibers (MMF).
Recently, several efforts have been undertaken to counter such bandwidth problems [58]. While some efforts concentrate on the development of novel fiber and
components such as respectively the 1-mm graded-index PMMA plastic optical
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fiber (GI-POF) [14, 15, 16] and red-wavelength VCSELs [13], other focus on better
transceiver electronics [59] or novel transmission technologies in combination with
digital signal processing. Examples for these are adaptive channel equalization and
multilevel signaling [60, 61, 10, 62], and multi-carrier techniques including OFDM
and DMT [63, 26]. The idea of multi-carrier modulation is to split a high-datarate stream into many parallel lower-bit-rate sub-streams, so that high-speed data
transmission in highly dispersive channels is made possible [9].
6.1.1

1-Gbit/s Transmission over SI-POF

This experiment presents the initial idea of using spectral-efficient multi-carrier
modulation to enable 1-Gbit/s transmission over the standard SI-POF. Although
the multi-carrier modulation used here cannot be exactly considered as DMT modulation, it was the first experiment that demonstrated the feasibility of Gigabit transmission rates over SI-POF [63]. For comparison, the highest bit rate ever reported
before this experiment was an optimal on-off keying SI-POF transmission experiment with equalization, achieving a bit-rate of 531 Mbit/s [64]. Similar multi-carrier
techniques such as OFDM and DMT are already widely employed in commercial systems such as ADSL, WLAN, and WiMAX, demonstrating the potential for low-cost
implementation in SI-POF networks.
Experimental setup
As shown in Fig. 6.1, a Rohde & Schwarz SMU200A vector-signal generator (VSG)
is used to generate the multiple subcarrier waveforms for transmission. The complex
waveforms are pre-computed externally using the Rohde & Schwarz WIN-IQ-SIM
software and loaded into the two arbitrary waveform generators (AWG) of the VSG,
where they are then output cyclically. The total length of the precomputed waveforms consist of 8 million samples. Each AWG is used to generate 40 independent
subcarriers (from −40 MHz to +40 MHz) with a carrier spacing of 2 MHz, centered
on a frequency of 0 Hz. The resulting complex baseband waveform is then output
from the digital to analog converters as in phase (I) and quadrature (Q) components and modulated onto a radio frequency with an analog IQ-modulator. In the
experiment, radio frequencies of 50 MHz and 150 MHz are used.
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Figure 6.1: Experimental setup; VSG: vector-signal generator; AWG: arbitrary waveform
generator; D/A: digital-analog converter; Mod: Modulator; LD: laser diode;
PD: photodiode; TIA: trans-impedance amplifier; RF: radio frequency; VSA:
vector-signal analyzer; IF: intermediate frequency; LO: local oscillator; A/D:
analog-digital converter; DSP: digital signal processing.

At the output of the VSG, the RF modulated signals from the two AWGs are
combined to yield the transmission signal. This signal comprises two transmission
bands of 80 MHz bandwidth each, centered respectively at 50 MHz and 150 MHz
(see Fig. 6.2b). The resulting signal is then used to directly modulate a lensed 650nm laser diode (LD), normally used in DVD players. A DC-bias is added to the
bipolar electrical signal in order to achieve a unipolar signal for driving the LD. The
output light from the LD (+3.5 dBm optical power) is directly coupled into 100 m
of commercial SI-POF (ESKA Premier GH4001) with a numerical aperture of 0.5,
a diameter of 1 mm, and an optical attenuation of 14 dB. The receiver comprises a
standard Si-PIN photodiode with an active diameter of 1 mm, followed by a transimpedance amplifier. A Rohde & Schwarz FSQ3 vector-signal analyzer (VSA) is
used to demodulate the received multiple subcarrier waveforms.
The electrical transfer function of the entire system (see Fig. 6.2a) has a −3 dB
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Figure 6.2: (a) Electrical transfer function of the transmission system. (b) Transmitted
and received signal power spectra. (c) Measured bit-error ratio of each subcarrier. No errors were detected for subcarriers without a dot.

bandwidth of 33 MHz and decreases smoothly to −32 dB relative attenuation at
200 MHz. By using a simple version of adaptive multiple subcarrier modulation,
the transmitted signal is manually adapted for this specific channel characteristic.
This is done first by adjusting the relative powers of the subcarriers in a way such
that constant SNR is achieved throughout each transmission band, which is commonly known as pre-emphasis. This effect becomes clear from a comparison of the
transmitted and received spectra as shown in Fig. 6.2b. Secondly, the modulation
format of each transmission band is chosen according to the achievable SNR. Each
subcarrier is hereby modulated with M-ary quadrature amplitude modulation (MQAM), at a symbol rate of 1.8 MBaud. By using root-raised cosine filters with a
roll-off factor of 0.1, spectral interference between adjacent subchannels is avoided.
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Figure 6.3: Constellation diagrams received after transmission over 100 m of SI-POF. (a)
256-QAM modulated carrier at 11 MHz. (b) 64-QAM modulated carrier at
111 MHz.

The crest factor of the transmit time signal is minimized by proper adjustment of
the relative phases of the subcarriers. While the SNR of the lower-frequency transmission band allows 256-QAM to be used, the upper band allows 64-QAM. The total
bit rate thus amounts: 40 Ch × 1.8 MBd/Ch × (8 bits/symbol + 6 bits/symbol) =
1.008 Gbit/s.
Results
Using the VSA, the received multiple subcarrier signal is demodulated. This is done
by separately down converting each of the in total 80 subcarriers to an intermediate
frequency (IF) of 20 MHz and sampling the resulting signal with an analog-todigital (A/D) converter. Further demodulation of the M-QAM signal is done in
real-time digitally in the VSA. For every subcarrier, a block of 8000 continuously
demodulated symbols is recorded. The performance of each subchannel is then
evaluated by comparing the stored demodulated and de-mapped received sequence
with the transmitted pseudo-random binary sequence of length 29−1 . The resulting
bit error ratios (BER) of all individual subcarriers are depicted in Fig. 6.2c. No
error was detected at those subcarriers where no dot is plotted. Using for example
a Reed-Solomon (511,479) forward error correction coding will reduce the BER
values to below 10−9 for all subcarriers, resulting in a net bit rate of 945 Mbit/s.
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The constellation diagrams shown in Fig. 6.3 further illustrate the efficiency of the
modulation technique as well as the linearity of the system.
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Figure 6.4: Measurement setup. Tx: transmitter, Rx: receiver, DAC: digital-to-analog
conversion, ADC: analog-to-digital conversion, PD: photodetector.

6.1.2

1-Gbit/s Transmission using RC-LED

So far, all reported Gigabit transmission experiments over SI POF required the
use of laser diodes due to insufficient bandwidth of light emitting diodes (LEDs).
However, LEDs have significant advantages such as high reliability and robustness,
longer lifetime, lower cost, less sensitivity to temperature variations, and relaxed eye
safety regulations. Combining such advantages with high speed Gigabit transmission
will make the use of SI-POF even more attractive. In this section, it is shown that
by use of spectrally efficient DMT modulation, it is possible to realize 1 Gbit/s
transmission over 50 m of SI-POF, even with an LED-based transmitter [26]. The
LED used in this experiment is a resonant-cavity type [12], which is denoted here
as RC-LED.
Measurement Setup
Fig. 6.4 depicts the measurement setup of the DMT transmission system for SI-POF.
The principle of DMT transmission over an optical IM/DD channel is presented
in details in Chapter 3 and 4. A single D/A converter is used to generate the
digitally-computed DMT waveform, which is then used to drive an RC-LED. For
the measurement, a DMT time signal consisting of 18000 random DMT symbols is
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Figure 6.5: Measured frequency responses of transmission system with and without analog
peaking filter.

pre-computed using custom Matlab software and output cyclically by an arbitrary
waveform generator (AWG) with 10 bits of resolution. In order to easily filter out
the baseband signal from the high frequency aliasing products produced by the
D/A converter of the AWG, the 250 MHz DMT waveform is output with four-fold
oversampling at a rate of 1 GS/s. In a practical system with a properly designed antialiasing filter, lower sampling speeds closer to the Nyquist frequency of 500 MS/s
can be used.
The transmitter used in the experiment consists of a commercial resonant cavity
type LED (Firecomms) with a wavelength of 650 nm and an optical output power of
−3 dBm, driven in its linear region with a modulation index of approximately 0.8.
This corresponds to an optical modulation amplitude (OMA) of -0.97 dBm, defined
as in Appendix B. As can be seen from Fig. 6.5, the optical back-to-back system
has a −3 dB bandwidth of around 50 MHz, a value which is normally insufficient
for Gigabit transmission using conventional on-off keying modulation. By adding a
simple analog peaking filter consisting of a two-stage air-inductor based high-pass
filter [65], the −3 dB bandwidth of the optical back-to-back system is increased to
about 175 MHz. This filter is inserted between the D/A converter and the RCLED. Adding 50 m of commercial SI-POF (6.5 dB attenuation, 0.5 NA) reduces the
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bandwidth of the entire system to values similar to the back-to-back case without
pre-equalizing filter (see Fig. 6.5).
After transmission over 50 m of SI POF, a 0.8 mm diameter Si-photodiode with
trans-impedance amplifier is used to detect the optical signal. The amplified received
electrical signal is then captured by a real-time digital oscilloscope at a sampling rate
of 1 GS/s and a nominal resolution of 8 bits. Its effective resolution is specified to be
approximately 7.5 bits, which is enhanced to 8.5 bits due to the use of oversampling
(two times with regard to the Nyquist sampling frequency of 500 MS/s). Using
offline processing, the captured DMT data are demodulated and the bit-error ratio
(BER) is evaluated.
Results and Discussion
As studied in Section 4.3, DMT time-domain signals are characterized by high crest
factor values. In order to optimize performance, the digital DMT waveform should
be limited in amplitude by digital clipping before D/A conversion. By measuring
the performance for different clipping-limited crest factor values, the optimum is
found at approximately 2.9. This value is different from the analytical optimum of
approximately µ = 3.8 at 50 m given in Fig. 4.12, because the analog peaking filter
before the RC-LED enhances the crest factor of the analog DMT waveform. Derived
from the analysis in Chapter 5.2, a larger number of subcarriers will result in better
DMT performance. For this experiment, a relatively large number of 256 subcarriers
was chosen without a specific reason for the upper limit. This number can certainly
be increased to achieve better performance, but will require more hardware resources
in practical realization. In order to put a realistic upper bound on the number of
subcarriers, further investigation on hardware complexity with regard to the FFT
size and target bit-rate should be performed, which is recommended in Chapter 9
as an important point for further work.
The previously chosen parameters are then used for the transmission experiment,
where the QAM mapping per subcarrier is manually adapted to the SNR of the
transmission channel, as given in Fig. 6.6. Of the 256 subcarriers, the first five
are not used at all because of low SNR. Note that this method is a simple, nonoptimum version of the more sophisticated Chow bit-loading algorithm, which is
presented in Chapter 3.6. Using this adaptive scheme, a total capacity of 1133 bits
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Figure 6.6: Transmitted and received (after 50 m SI-POF) electrical DMT spectra together
with applied adaptive QAM mapping.

per DMT symbol is achieved. This corresponds to a transmit time of 1.024 µs per
DMT symbol, resulting in a total transmission speed of 1133 bits / 1.024 µs =
1106 Mbit/s within a transmission bandwidth of 250 MHz. A spectral efficiency of
1106/250 = 4.4 bit/s/Hz is hereby achieved.1
Fig. 6.6 shows the transmitted and received electrical DMT signal spectra. Although the -3 dB bandwidth of the system with 50 m of SI-POF is about 50 MHz,
1-Gbit/s transmission is realized using DMT. Fig. 6.7 shows the calculated BER
per subcarrier for a total of 18000 received DMT symbols, which equals a total of
20 million bits. Because the serial input data before DMT is transmitted in parallel using subcarriers with DMT, the total BER of the received data should be
weighted according to the number of bits transmitted per subcarrier and averaged
from all subcarriers used and is calculated to be 4 · 10−4 . By employing standard
Reed-Solomon FEC coding with an overhead of 7 %, BER values ≤ 10−12 can be
achieved.
In Fig. 6.8, the received constellation diagrams after DMT demodulation are depicted, indicating the received signal quality. Every constellation diagram contains
the superimposed results of all subcarriers with the same constellation. After deduc1

For MMF systems, spectral efficiency is calculated this way because optical transmitter
linewidths are practically ≥ 1 nm, so that it is considered as baseband transmission.
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Figure 6.7: Calculated BER per subcarrier from measurement results after transmission
over 50 m of SI-POF and DMT demodulation.

Figure 6.8: Superimposed plot of received constellation diagrams, containing all results
from subcarrier nr. (a) 6 to 70, (c) 71 to 135, (d) 136 to 190, (e) 191 to 256.

tion of 3.125 % of cyclic prefix, 1 % of DMT preambles, and 7 % of FEC overhead,
the net transmission bit rate equals 993 Mbit/s.
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6.1.3

Beyond 1-Gbit/s Transmission

In the previous sections, experiments have shown that 1-Gbit/s DMT transmission is possible over up to 100 m of PMMA SI-POF. Using LEDs, 1 Gbit/s can
also be achieved up to a length of 50 m by employing DMT. As the speed of electronics is increasing and the costs are reduced, multicarrier transmission such as
OFDM and DMT have recently also been proposed for high speed optical communication systems, both for long-haul systems employing single mode silica optical
fibers [32, 33, 34] as well as short-range systems with multimode silica fibers [66, 29].
In this section, experiments demonstrating the possibility of 10-Gbit/s transmission
over PMMA POF with large core diameters (≥ 0.5 mm) are presented [67].
Applications are found in high-speed server interconnects, network switches, and
short-range local area networks, where bit-rates of 1 Gbit/s are no longer sufficient.
Unlike standard 10-Gbit/s optical systems that are available nowadays for such
applications, the use of large-diameter POFs will allow the costs of such systems to
be reduced substantially by employing cheap commercial DVD laser diodes (visible,
red light) and large-area Si photodiodes. The challenge, however, is that all the
aforementioned components have low -3 dB bandwidths of around 1 GHz. In order
to achieve 10-Gbit/s transmission, a highly spectral-efficient modulation format such
as DMT is proposed and investigated in this section. Three common types of PMMA
POFs are hereby considered:
1. 1-mm core diameter PMMA SI-POF
2. 0.5-mm core diameter PMMA SI-POF
3. 1-mm core diameter PMMA graded-index POF (GI-POF).

Experimental Setup
The experimental setup of the transmission system is shown in Fig. 6.9. A Tektronix
AWG7102 arbitrary waveform generator (AWG) is used to generate the DMT time
signal, which is pre-computed offline and loaded into its memory. A total of 512
subcarriers are used for the DMT transmission, corresponding to an IFFT-length
of 1024. The number of subcarriers used in this measurement is larger than the
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Figure 6.9: Experimental setup. Tx: transmitter, DAC: digital-to-analog converter,
LD: laser diode, PD: photodetector, ADC: analog-to-digital converter, Rx: receiver.

256 used in the previous measurements because a larger DMT signal bandwidth is
now used for achieving 10-Gbit/s transmission. Therefore, in order to achieve flatfrequency channel response per subcarrier, this larger frequency spectrum has to be
divided among more subcarriers.
Of the 512 subcarriers, the last subcarrier is used as pilot tone while the first
subcarrier at 0 Hz is not used at all. Unlike the previous measurements, this measurement makes use of selective mapping in order to reduce the crest factor in a
distortion-less manner. The concept of selective mapping is to define two different
QAM constellation mappings, that are different to each other [25, 36]. In this case,
the 2 constellations are chosen to be the inverse of each other, so that a constellation
point which is large in amplitude will be mapped onto a constellation point close to
0 in the inverse constellation mapping. Using the complex-valued IFFT operation
as described in Chapter 7.1, two real-valued IFFT operations can be computed simultaneously. By giving the same data which are mapped onto 2 different inverse
constellations as two different inputs Cn and Dn into the complexed-valued IFFT
according to (7.2) given in Chapter 7.1, two DMT frames with different crest factor
values (containing the same data) will result from the IFFT operation. The DMT
frame which has the lowest crest factor value is then transmitted over the channel,
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together with the pilot tone at the last subcarrier. This pilot tone contains binary
information that denotes which constellation mapping was used to map the data before performing the IFFT operation. Therefore, this last subcarrier cannot be used
to transport other data. Transmission parameters of the remaining 510 subcarriers
are then adapted to the SNR of the channel in a simple way by using 64-QAM
mapping for the first 250 subcarriers and 32-QAM mapping for the rest, which is
not the same as Chow’s rate-adaptive bit-loading described in Chapter 3.6.
With the AWG, the pre-computed DMT waveform is generated at a speed of
8 GS/s (four-fold oversampling) and a resolution of 10 bits, occupying a transmission bandwidth of 2 GHz (see Fig. 6.10a). For each DMT symbol, 3.3 % of cyclic
prefix is added to increase the tolerance to inter-frame interference. Besides selective
mapping, the crest factor of the DMT frames is reduced further by clipping. The
output signal from the AWG is then used to directly modulate a low-cost, commercial 650-nm DVD laser diode (LD). The output light from the LD is launched into
the three different types of POF, each with a length of 5 m. The optical signal after
transmission is detected by a commercial 0.8-mm diameter Si PIN photodetector
(PD) with a built-in coupling lens. Finally, the received electrical signal from the
detector is captured by a LeCroy Wavemaster 8500 real time digital storage oscilloscope with an A/D converter of 8 bits nominal resolution and a sampling rate of
10 GS/s, corresponding to an oversampling factor of 2.5. The captured DMT data
is then decoded to a binary sequence using a software implementation of a DMT
demodulator and the BER is evaluated.
1-mm Core SI-POF Results
Fig. 6.10 and 6.11 show the experimental results for DMT transmission with 510
subcarriers over 5 m of standard 1 mm SI-POF, of the type Mitsubishi GH4001.
The -3 dB electrical bandwidth of the system is about 1 GHz (see 6.10a). The two
different QAM mappings used for the subcarriers can be observed from Fig. 6.10b.
The same figure shows that the BER of the subcarriers at lower and higher frequencies are very high. The large BER at lower frequencies is caused by the low
frequency cut off of the electrical components used while the degradation of the
SNR causes the BER to worsen at higher frequencies. By leaving these subcarriers
out and using only subcarriers 15 to 397 for actual data transmission, an aggregate
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Figure 6.10: : (a) DMT spectra for 5 m of 1-mm SI-POF at 8.4 Gbit/s. (b) Measured
BER per subcarrier (nr. 15 to 397 are used for actual data transmission).

Figure 6.11: : Received constellations after 5 m of 1-mm SI-POF for subcarriers (a) 15 to
250 (b) 251 to 397. Total BER = 2 · 10−4 .
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Figure 6.12: : (a) DMT spectra for 5 m of 0.5-mm SI-POF at 8.3 Gbit/s. (b) Measured
BER per subcarrier (nr. 15 to 390 are used for actual data transmission).

DMT transmission bit rate of 8.4 Gbit/s is achieved.
The total averaged BER of the received data is calculated to be 2·10−4 , which, by
use of standard Reed-Solomon (255,239) FEC coding will reduce to values < 10−12 .
After deduction of the overhead needed for DMT (pilot tones, cyclic prefix) and
7 % of FEC overhead, the net transmission bit rate equals 7.5 Gbit/s. This is
achieved in a transmission bandwidth of 2 GHz, using only low cost transceivers
and SI-POF. Fig. 6.11 shows the received constellations of the subcarriers 15 to 397,
which are used for data transmission with DMT. Fig. 6.11a shows a superimposed
constellation of all subcarriers employing 64-QAM mapping and Fig. 6.11b shows
those for 32-QAM mapping.
0.5-mm Core SI-POF Results
In order to compare and check whether a smaller-core SI-POF can achieve better
results, the same measurements are repeated for 5 m of 0.5-mm core diameter SI-
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Figure 6.13: : Received constellations after 5 m of 0.5-mm SI-POF for subcarriers (a) 15
to 250 (b) 251 to 390. Total BER = 2 · 10−4 .

POF of the type Toray PFU-CD500. In Fig. 6.12 and 6.13, the results are shown.
It can be seen that similar results are obtained in comparison to the 1 mm SI-POF.
Using only subcarriers 15 to 390 for actual data transmission, an aggregate DMT
transmission bit rate of 8.3 Gbit/s is achieved at a BER of 2 · 10−4 . This results in a
net transmission bit rate of 7.4 Gbit/s after deduction of all transmission overhead
including FEC.
1-mm Core GI-POF Results
Finally, the results for 5 m of 1-mm core diameter PMMA GI-POF are given in
Fig. 6.14 and Fig. 6.15. An aggregate DMT transmission bit-rate of 8.6 Gbit/s is
achieved at a BER of 2 · 10−4 , when subcarriers 15 to 408 are used for actual data
transmission. After deduction of transmission overhead and FEC, a net transmission
bit-rate of 7.7 Gbit/s is achieved. This slightly higher bit-rate is achieved due to the
bandwidth of the GI-POF, which is better than that of the SI-POF as a result of
the graded-index structure in the GI-POF. Although the GI-POF used (Optimedia
OM-Giga) is specified to have a bandwidth larger than 1.5 GHz at 100 m, the results
obtained are not significantly better than those of the SI-POFs. Therefore, it can be
concluded that the limitation for 10 Gbit/s DMT transmission in these experiments
originate from the transmitter and receiver bandwidths, and not from the plastic
fibers. Further improvements in transmitter and receiver bandwidths and coupling
efficiency should make 10 Gbit/s DMT transmission over large core diameter PMMA
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Figure 6.14: : (a) DMT spectra for 5 m of 1-mm GI-POF at 8.6 Gbit/s. (b) Measured
BER per subcarrier (nr. 15 to 408 are used for actual data transmission).

POF possible.
Pre-equalized DMT for 1-mm SI-POF
Instead of using adaptive bit-allocation, one can also use pre-equalization with DMT
to compensate for the low-pass channel frequency response. Fig. 6.16 shows an
example of this, where the transmission parameters of the subcarriers are adapted
to the SNR of the channel by digital pre-equalization in the frequency domain. This
is easily accomplished by weighting the data sequences of each subcarrier with a
factor that is inversely proportional to the SNR of the transmission channel, before
passing the data to the IFFT for DMT modulation. The same experimental setup
as in Fig. 6.9 is used.
A total of 128 subcarriers are used for the DMT transmission, where the last
subcarrier is used as a pilot tone (for selective mapping) and the first 8 subcarriers
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Figure 6.15: : Received constellations after 5 m of 1-mm GI-POF for subcarriers (a) 15
to 250 (b) 251 to 408. Total BER = 2 · 10−4 .

Figure 6.16: Frequency response before and after 10-Gbit/s transmission over 5 m of 1-mm
SI-POF using DMT modulation and pre-equalization.

are not used at all because of the low-frequency cut-off of the electrical amplifiers
used in the PD. The modulation mapping is fixed at 32-QAM for all subcarriers.
For each DMT symbol, 3.9 % of cyclic prefix is added. Notice from Fig. 6.16 that an
almost flat frequency response results after transmission over the channel. Fig. 6.17
shows the overall received constellation diagram containing a superposition of all
received and demodulated constellation points from all subcarriers used. The BER
is calculated to be 1.7 · 10−3 . FEC coding can be used to reduce this value to an
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Figure 6.17: Superimposed received constellation diagram, containing results from all subcarriers.

acceptable level.
By using 119 of the 128 subcarriers for data transmission (32-QAM), the aggregate transmission bit-rate equals 9.3 Gbit/s. After deduction of 3.9 % of cyclic prefix
overhead and 7 % of FEC overhead, the net transmission bit rate is 8.3 Gbit/s. This
is achieved using a transmission bandwidth of 2 GHz, with only low cost transceivers
and SI-POF. The results demonstrate that DMT modulation is a promising solution
for realization of 10 Gbit/s transmission over SI-POF.
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6.1.4

Summary

In this section it was demonstrated that spectrally efficient multicarrier modulation schemes such as DMT can be used to compensate not only the bandwidth
limitation of SI-POF, but also of SI-POF in combination with an LED-based transmitter. By making use of DMT, it was experimentally demonstrated that 993-Mbit/s
transmission over 50 m of PMMA SI-POF is possible with an RC-LED as transmitter, achieved by combining the use of a simple passive high-pass filter and DMT
modulation with adaptive QAM mapping of up to 64-QAM. Therefore, DMT is a
promising solution for low-cost Gigabit transmission over SI-POF based on LED
technology.
By using low-cost DVD laser diodes emitting visible red light at a wavelength
of 655 nm, experiments demonstrated that up to 7.7 Gbit/s net data-rates can be
achieved over 5 m of different large diameter (≥ 0.5 mm) PMMA POFs, both stepindex as well as graded-index. With digitally pre-equalized DMT, transmission rates
of 8.3 Gbit/s can even be reached. The receiver used is a commercially available
0.8-mm diameter Si PIN photodiode. For such short distances, bandwidth limitation of transmitter and receiver dominate over that of the PMMA POF. Further
improvements in transceiver bandwidth should be investigated in order to realize
low-cost 10-Gbit/s transmission based on large-diameter PMMA POFs.
These results demonstrate the potential of low-cost PMMA-POF-based systems
permitting bit-rates ranging from 1 Gbit/s to 8.3 Gbit/s at distances from 5 m up
to 100 m. Together with their unique features (low-cost, robustness, easy handling,
electromagnetic compatibility), the large diameter PMMA POF becomes a viable
option for low-cost, high-speed applications in short-range optical communication
networks.
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6.2

Perfluorinated POF

In recent years, there has been increasing interest for using commercial perfluorinated graded-index plastic optical fiber (PF-GI-POF) for high-speed ≥10-Gb/s
short-reach applications such as low-cost interconnects in data centers, local area
networks (LAN), and supercomputers. For such applications, multimode fibers
(MMF) are preferred above single-mode fiber (SMF) due to their large core diameter
and numerical aperture. Especially the PF-GI-POF, available with core diameters
of 50, 62.5, and 120 µm, is very attractive for such applications. Due to the large
alignment tolerances in transceiver components and fiber splices, the PF-GI-POF
is attractive for in-building networks as its installation is easy and low cost. In
addition, when compared to silica MMF, PF-GI-POF offers further advantages such
as smaller bending radius (5 mm), better tolerance to tensile load and stress, and
simpler connectorization.
However, the large numerical aperture of PF-GI-POF also causes its bandwidth
to decrease when compared to silica MMF and SMF. This section presents two experiments showing how DMT can be used to achieve bit-rates of 10 and 47 Gbit/s using
standard commercially-available transceiver components made for conventional 10Gbit/s on-off-keying operation. Using DMT, deployed systems can be upgraded to
enable up to four or five-fold the initial transmission speed [25, 68].
6.2.1

10-Gbit/s DMT Transmission

Rapid increase of data traffic in data communication applications has pushed
the demand for high-capacity and low-cost optical networks for use in LAN, such as
enterprise or data center backbones. The use of 10 Gigabit Ethernet (10 GbE) in
such cases will often require a new installation, because the commonly used CAT-5
copper cables are unsuitable for 10 GbE transmission over several tens of meters.
In this section, it is presented that only 2 GHz of bandwidth is needed for
10-Gbit/s transmission by using DMT [69]. This demonstrates the potential for
larger cost reductions in optical 10 GbE, allowing the use of cheaper, low-bandwidth
transceivers and large-area photodetectors in combination with large-core polymer
optical fibers.
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Figure 6.18: Schematic representation of the experimental setup for 10-Gbit/s DMT transmission over PF-GI-POF.

Experimental Setup
In Fig. 6.18, the experimental setup of the transmission system is shown. This
is similar to the previous setup described in Section 6.1.3, except that an 850-nm
multimode VCSEL and a GaAs PIN-detector with a silica multimode fiber pigtail
with 50-µm core-diameter are used. Because the DMT signal bandwidth is the same
as in Section 6.1.3, 512 subcarriers are used again for DMT transmission. Of the
512 subcarriers, only 508 are actually modulated with data. The first carrier at DC
is not used at all while subcarrier number 64, 426, and 427 are switched off due to
poor signal quality as a result of interference. Using a uniform 64-QAM mapping
per subcarrier, a total capacity of 508 · 6 = 3048 bits per DMT frame is achieved.
With an AWG sampling speed of 8 GS/s (four-fold oversampling), a DMT frame
period of 256 ns is achieved, equaling to a total transmission speed of 3048 bits /
256 ns = 11.9 Gbit/s within a bandwidth of 2 GHz (see Fig. 6.19a).
For each DMT symbol, 3.3 % of cyclic prefix is added to increase the tolerance
to inter-symbol interference. Similar to the case in Section 6.1.3, a combination of
selective mapping and clipping is used to reduce the crest factor of the DMT signal.
After deduction of the DMT transmission overhead and 7 % of FEC overhead,
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Figure 6.19: (a) Transmitted and received DMT signal spectra. (b) Measured BER for
each subcarrier.

the net transmission bit-rate equals 10.6 Gbit/s. After transmission over 100 m
of commercial PF-GI-POF with a core-diameter of 120 µm, the signal is received
by a GaAs PIN-detector with trans-impedance amplifier. The received electrical
signal is then captured at a sampling rate of 20 GS/s, and demodulated using offline
processing.
Results
Fig. 6.19a shows the transmitted and received electrical DMT signal spectra. It can
be seen that the -3 dB bandwidth of the system with PF-GI-POF is less than 1 GHz,
emphasizing the potential of DMT. Fig. 6.19b shows the calculated BER per carrier
for a total of 990 received DMT symbols, which equals a total of 3 · 106 bits. The
total averaged BER of the received data is calculated to be 6.3 · 10−4 , resulting in
values < 10−9 if standard Reed-Solomon FEC with 7 % of overhead would be used.
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Figure 6.20: Superimposed received constellation diagrams of all 508 subcarriers (a) electrical back-to-back (b) after transmission over 100 m of PF-GI-POF.

In Fig. 6.20, the received and demodulated DMT symbols are shown for both the
electrical back-to-back case and after transmission over 100 m of PF-GI-POF.
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6.2.2

47-Gbit/s DMT Transmission

Recent developments in the standardization of higher-speed networking standards like 40 and 100 Gigabit Ethernet also include MMF as physical medium [70],
thereby paving the way for low-cost optical networking at speeds beyond 10-Gbit/s.
Although current proposals consider parallel transmission of multiple 10-Gbit/s
MMF links with multiple fibers to achieve higher speeds, serial transmission using only one MMF is attractive because issues such as skew between parallel fibers,
inter-channel crosstalk, and reduced reliability due to higher complexity can be
avoided. Several research groups have demonstrated 40-Gbit/s serial transmission
over GI-POF [71, 72, 73]. However, these results were obtained with expensive largebandwidth (>25 GHz) single-mode fiber components such as external Mach-Zehnder
modulators and small-area high-bandwidth detectors [72, 73], as well as optical fiber
amplifiers [71], which are neither practical nor suitable for low-cost applications.
The experiment in this section demonstrates that by exploiting DMT with up
to 64-state quadrature amplitude modulation (64-QAM), off-the-shelf and low-cost
components such as standard 1300-nm directly-modulated distributed feedback (DFB)
laser diode (with 12-GHz bandwidth) and an MMF-coupled 25-µm large diameter
photodetector can be used to achieve more than 40-Gbit/s serial transmission over
100 m of 50-µm core diameter PF-GI-POF [74]. This demonstrates the potential 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
low-bandwidth transceivers [75, 76, 66]. It is therefore a promising solution for lowcost, robust, and high-capacity MMF and PF-GI-POF LAN links operating at data
rates of 40 Gbit/s and beyond.
Experimental Setup
In order to realize 40-Gb/s transmission over PF-GI-POF, different system parameters have to be investigated and optimized. For this, the experimental setup depicted
in Fig. 6.21 is used. Using an AWG (Tektronix AWG7122B) 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 GS/s. To achieve this sampling speed, the
two outputs of the AWG, both at 12 GS/s, are interleaved. The DFB laser, with a
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Figure 6.21: Measurement setup for DMT over PF-GI-POF transmission.

wavelength of 1302 nm, is specified for up to 10-Gbit/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-µm core perfluorinated PF-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 multimode-fibercoupled photo-detector (PD) with a detection diameter of 25-µm and an integrated
coupling lens. The resulting 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 GS/s for demodulation and evaluation.
For the DMT transmission, a computer is used to emulate the digital DMT
modulator and demodulator, as shown in Fig. 6.21. This also includes evaluation
of transmission performance parameters such as BER and SNR per subcarrier, and
the computation of the bit-loading algorithm.
Influence of Laser Non-Linearity
The parameters of the DMT signal used for the laser non-linearity measurements
are given in Table 6.1. It should be noted that the DMT signal is clipped in the

99

Chapter 6. DMT Experiments

Output Optical Power (dBm)

13

12

10

linear

7

Figure 6.22: Measured static optical output power vs. static driving current for DFB laser
used in the experiments. Ith : threshold current, Ipp : peak-to-peak driving
current.
Table 6.1: DMT transmission signal parameters.

Nr. of subcarriers:
256 (254 used, first and last not used at all)
FFT points:
512
Cyclic prefix:
8 per 512 points
Preambles:
4 preambles per 200 DMT frames
DMT signal crest factor: 3.2 (limited by clipping)

electrical digital domain before D/A conversion due to reasons of dynamic range
[29, 25]. As a result of this digital clipping, the analogue current Ipp after D/A
conversion for driving the DFB laser will have a maximum clipping-limited crest
factor µ as defined in (4.31). In [29] and [25], the optimum peak-to-average power
ratio (PAPR) for DMT in an MMF channel was already investigated and found to
be approximately 10 dB, which corresponds to a crest factor µ = 3.2. Therefore,
this value will be used for all measurements presented in this section.
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 or-
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Figure 6.23: Maximum achievable transmission rate at BER = 1 · 10−3 for different peakto-peak laser drive current Ipp and at different received optical powers.

der to maximize transmission performance. Due to the use of Chow’s rate-adaptive
bit-loading [48] in this experiment, system performance is characterized by the maximum achievable transmission rate at a fixed BER of 1 · 10−3 . It should be noted
that all maximum transmission rates plotted are net transmission rates, after deduction of all DMT transmission overhead (cyclic prefix and preambles) including
the standard 7 % of FEC overhead.
Fig. 6.22 shows schematically how the peak-to-peak driving current Ipp is varied
for the DFB laser used in the experiment. The laser is always fully modulated
starting from its threshold current Ith . The laser bias current, which is equal to
Ipp /2 + Ith , is adjusted according to Ipp in order to ensure full modulation of the
DFB laser. The mean received optical power is fixed to the same value with the
variable optical attenuator when Ipp is increased. By this method, the influence of
thermal noise (resulting mainly from the electrical amplifier at the receiver) is kept
constant when Ipp is varied.
From the back-to-back measurement results of Fig. 6.23, notice that for a fixed
driving current, the system performance increases for larger values of received optical
power, which is apparent due to less influence of receiver (thermal) noise. However,
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at +4 dBm received optical power, performance seems to be limited and the achievable transmission rate seems to saturate at its maximum value. Possible reasons for
this limit are saturation effects of the photodetector at high received optical powers
and the electrical DMT clipping noise resulting from clipping the electrical DMT
signal in the digital domain before D/A conversion. Clipping is essential to limit the
peak power of DMT signals because constructive phase addition of a large number
of subcarriers can cause very high signal peaks, as discussed in Chapter 4.3.
It can also be observed that the maximum transmission rate saturates for increasing peak-to-peak driving current. The expected deterioration of transmission
rate for increasing peak-to-peak driving current due to non-linearity in the electrical
to optical power conversion is not observed. A possible reason for this is that nonlinearity in the current to optical power conversion occurs mainly due to saturation
effects because insufficient holes and electrons are able to recombine in a timely
manner. This however, is a rather slow process and is more evident when periodic
(or low crest factor) modulation signals are applied.
DMT, however, is characterized by large crest factor values. As a result of
infrequent and irregular peaks, saturation effects are less likely to occur because
sufficient holes and electrons are often present for recombination. Therefore, nonlinearity issues in the electrical to optical conversion process of the laser are less
pronounced. A more detailed description of this is given in Chapter 5.3.
The results from transmission experiments over 100 m PF-GI-POF is investigated
and shown in Fig. 6.24. The corresponding back-to-back curves in Fig. 6.23 are
included for reference. The maximum achievable bit-rate decreases for larger peakto-peak laser drive currents in the case of transmission over 100 m PF-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. 6.25. This can be
attributed to differential modal attenuation (DMA) [77, 78], which is the effect that
higher-order modes propagating through the GI-POF experience higher attenuation
than the fundamental modes. At low peak-to-peak drive currents (and therefore
low bias current) resulting in a 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.

102

Maximum transmission rate (Gbit/s)

6.2 Perfluorinated POF
50

BER = 1e-3
45
40
35
30

+2dBm B2B
+2dBm 100m-POF
+4dBm B2B
+4dBm 100m-POF

25
20

40

60

80

100

120

140

160

Peak-to-peak driving current of DFB laser (mA)
Figure 6.24: Maximum achievable transmission rate at BER = 1 · 10−3 for different peakto-peak laser drive current Ipp and received optical powers with PF-GI-POF.
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Figure 6.25: Measured frequency response of 100 m PF-GI-POF (without DMT modulation) at 60 and 80 mA laser bias current.

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. 6.25).
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Figure 6.26: Maximum achievable transmission rate at BER = 1 · 10−3 for different peakto-peak laser drive current Ipp and number of subcarriers. Cyclic prefix length
is fixed to 8.

Additionally, the limitation due to clipping noise and saturation effects of the
photodetector can be noticed again in the curves with 100 m PF-GI-POF as no significant improvement in transmission rate is observed between +2 dBm and +4 dBm.
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 investigated experimentally. The
same DMT transmission parameters as in Table 6.1 are used, except that the total
number of subcarriers is now varied from 128 to 512 (with a fixed cyclic prefix of
8). The received optical power is fixed at +4 dBm. Again, with rate-adaptive bitloading, the power and bit-allocation per subcarrier is adapted to the transmission
channel, thereby maximizing the transmission rate to a fixed BER of 1 · 10−3 .
Fig. 6.26 shows the experimental results for the back-to-back case without PF-GIPOF. As observed in Fig. 6.26, the system performance improves when the number
of subcarriers used for DMT transmission is increased. To further investigate this,
the total number of DMT subcarriers is varied over a larger range at the same
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Figure 6.27: Maximum achievable transmission rate at BER = 1·10−3 for different number
of subcarriers. Received optical power is fixed at +4 dBm and cyclic prefix
length is fixed to 8.

received optical power of +4 dBm and the peak-to-peak driving current Ipp of the
DFB laser is fixed to 85 mA. The measurement results are plotted in Fig. 6.27, for
the case of back-to-back and 100 m of PF-GI-POF.
Shown in Fig. 6.27 is the transmission performance improving with the increase
in the number of subcarriers used for DMT. This is true for both back-to-back
transmission and with 100 m of PF-GI-POF. The most probable conclusion is that
with a larger number of subcarriers, the frequency response of the transmission
channel can be divided into a larger amount of finer subchannels, making the channel
response of each subcarrier flatter. Consequently, every subcarrier experiences a
better channel response and performance increases.
The performance gap between 100 m PF-GI-POF and the back-to-back case is
due to the extra bandwidth limitation of the PF-GI-POF. The attenuation of PFGI-POF is not significant in Fig. 6.27 because the received optical power and peakto-peak laser driving current are both fixed to the same values for all measurements.
It can also be noticed that the number of subcarriers cannot be increased infinitely
to increase transmission performance, as this already shows signs of saturation at a
value of 1024 subcarriers. In conclusion, a net transmission bit-rate of 47 Gbit/s is
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achieved over 100 m of PF-GI-POF using DMT based on a total of 1024 subcarriers.
Influence of Modal Noise
Up to an Ipp 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 effective detector diameter is 21 µm.) For Ipp 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 +10 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 photodetector, 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.
47-Gbit/s Transmission over 100 m PF-GI-POF
In this section, details of the transmission performance of DMT for a net bit-rate of
47 Gbit/s over 100 m PF-GI-POF are presented. In the experiment, 1024 subcarriers are used for the DMT transmission, ranging from a frequency of 0 to 12 GHz.
Fig. 6.28a 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
PF-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 rateadaptive bit-loading, is depicted in Fig. 6.29. For subcarriers with the highest SNR,
6 bits are allocated for DMT transmission, 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 1 · 10−3 for
the specific modulation format.
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Figure 6.28: Measured SNR per subcarrier for DMT transmission over 100 m PF-GI-POF,
(a) before (b) after rate-adaptive bit-loading.
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Figure 6.29: Chow’s rate-adaptive bit-loading [48] parameters for DMT transmission over
100 m PF-GI-POF using a total of 1024 subcarriers.
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Figure 6.30: Measured and evaluated BER performance per subcarrier after DMT transmission over 100 m PF-GI-POF.

The resulting SNR per subcarrier after rate-adaptive bit-loading is shown in
Fig. 6.28b. Notice 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. 6.30 presents the measured BER values as a function of the subcarrier index
for the received 47 Gbit/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 1 · 10−3 , the
signal quality is still good enough to achieve a total average BER of 1 · 10−3 . This
value is under the FEC limit for reliable operation. Notice from Fig. 6.30 that the
individual subcarrier BER values are higher than 1 · 10−3 at higher frequencies. This
however, corresponds to a low number of bits allocated per subcarrier. Therefore,
the total average BER can still be 1 · 10−3 because the majority of transmitted bits
are allocated to frequencies closer to 0 Hz.
In Fig. 6.31, the electrical spectra of the signal as observed before and after
100-m transmission are depicted. The available bandwidth for data transmission is
seen as less than 12 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-Gbit/s data through such narrow bandwidths. Additionally,
the spectrum without data modulation which indicates the noise floor of the system
is also depicted.
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Figure 6.31: Received DMT signal spectrum after 100 m PF-GI-POF, compared with
back-to-back transmission and spectrum without modulation.

Figure 6.32: Plots of the highest (64-QAM) and lowest (4-QAM) constellations used in
47-Gbit/s DMT transmission over 100 m PF-GI-POF.

In Fig. 6.32, 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 PF-GI-POF. The clearly distinguishable constellation points indicate
that the received signal quality is sufficiently good and that the one-tap channel
equalizers in the DMT demodulator are working as expected.
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6.2.3

Summary

First DMT experiments over PF-GI-POF (120 µm core diameter) demonstrated
that 10.6-Gbit/s transmission is easily achievable over a distance of 100 m. This
was accomplished by direct modulation of an 850-nm multimode VCSEL and direct
detection with an MMF-coupled receiver, using a uniform 64-QAM mapping within
a bandwidth of 2 GHz.
By characterizing the influence of laser current to optical power non-linearity
and the number of subcarriers on DMT transmission performance over PF-GI-POF
using experimental results, optimum parameters for best system performance were
determined. The maximum achievable transmission rate with optimum transmission
parameters is improved to 47-Gbit/s over 100 m PF-GI-POF (50 µm core diameter),
using only a bandwidth of 12 GHz. Instead of uniform QAM constellations for all
subcarriers, Chow’s rate-adaptive bit-loading algorithm (described in Chapter 3.6)
is now exploited with DMT transmission. This indicates that DMT can also be a
promising solution for enabling high-capacity serial transmission of 40 Gbit/s and
beyond over MMF and PF-GI-POF links.
Although current 40 and 100 Gigabit Ethernet proposals regard only parallel
transmission of multiple 10-Gbit/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 tradeoff to make DMT a viable solution for high-speed, low-power, and low-cost serial
optical networking operating at bit-rates of 40 Gbit/s and beyond. Moreover, DMT
has proven to be a robust technique to adaptively compensate the modal dispersion of multimode PF-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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6.3

Silica Multimode Fiber

Next to POF, silica mulitmode fiber (MMF) with core diameters of 50 and
62.5 µm are attractive for use as high-capacity and low-cost optical fiber-based
links in local area networks (LAN), such as enterprise in-building and datacenter
backbones, but also short-distance server/computer interconnects. Nowadays, silica
MMF is used for the vast majority of the optical LAN links [18]. This is due to the
large core diameter of the MMF, which allows large alignment and dimensional tolerances in transceiver components, thereby lowering installation, maintenance, and
component costs. Therefore, high-speed networking standards like Gigabit Ethernet, Fiber Channel, 10 Gigabit Ethernet, and 40/100 Gigabit Ethernet all include
the silica MMF as a transmission medium. Additionally, silica MMF has attenuation values of typically 1 to 3.5 dB/km, which is lower than that of POF. This
makes the silica MMF attractive for distances up to a few kilometers.
With the further growth of bandwidth-intensive applications like IPTV and
HDTV as well as data processing in the medical industry, a further increase of
the capacity in LAN backbones and server interconnects has to be considered. Investigations on transmission speeds higher than 10 Gbit/s over MMF have already
been reported [79, 80, 81, 82, 83, 84], but these are either based on novel highbandwidth components (29 GHz) and external modulation [79, 80, 81] or the use
of single mode components [82, 83, 84], which is not practical and can cause modal
noise due to spatial filtering.
In this section, experiments showing two applications of DMT over silica MMF
are presented. The first experiment demonstrates how DMT is used to combat modal
dispersion in such fibers. Additionally, by using highly spectral-efficient quadrature
amplitude modulation (QAM), the available bandwidth can be used efficiently, allowing the use of conventional low-bandwidth transceivers to achieve up to 24-Gbit/s
DMT transmission. The second experiment deals with relative intensity noise (RIN)
[85, 86, 87], which is often present in low-cost multimode vertical cavity surface emitting lasers (VCSELs) used in short-reach optical applications. In this experiment, it
is demonstrated how DMT with bit-loading can be used to adapt to the frequencydependent RIN, enabling optimum performance up to 30 Gbit/s with a low-cost
multimode VCSEL.
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6.3.1

24-Gbit/s DMT Transmission

Until recently, the problem of arrival time delays due to multiple paths traversed
by different modes (modal dispersion) in MMF was a major limiting factor for 10Gbit/s transmission at distances up to 300 m. In 2001, the OM3 type silica MMF
was introduced and made it possible to reliably support 10-Gbit/s transmission over
300 m of MMF. Recent advances have even resulted in OM4 type MMF in 2008,
where 10-Gbit/s transmission is possible for distances of 500 m and beyond.
However, even though the OM4 MMF has enough bandwidth (5 GHz·km at
850 nm) to support data rates higher than 10 Gbit/s over a few hundred meters,
the limiting factor nowadays are the transceiver components. Due to cost reasons,
high-speed >10-Gbit/s transceivers are not commercially viable for short-reach applications. Therefore, it is a big challenge to support bit-rates beyond 10 Gbit/s for
short-reach optical communications at reasonable costs.
The experiment presented here demonstrates the possibility of 24-Gbit/s DMT
transmission over 730 m of OM-3 silica MMF using direct modulation of a commercial 850-nm multimode vertical cavity surface emitting laser (VCSEL) and direct
detection with a standard multimode PIN photodetector [66]. By using 730 m of
OM-3 type MMF, it is shown that DMT can compensate for modal dispersion of the
fiber. Additionally, the use of a commercial VCSEL and photodetector (both designed for 10-Gbit/s binary transmission) proves that highly spectral-efficient DMT
transmission can make use of conventional transceivers for enabling bit-rates beyond
10 Gbit/s.
Experimental setup
Fig. 6.33 shows the experimental setup of the transmission system, which is similar
to the ones presented in Sections 6.1.3, 6.2.1, and 6.2.2. A total of 512 carriers are
used for the DMT transmission, corresponding to an IFFT-length of 1024. 3.125 %
of cyclic prefix is used, corresponding to a length of 32 points. Of the 512 subcarriers,
the last subcarrier (n = 511) is used as a pilot tone while the first subcarrier (n = 0)
at 0 Hz is not used at all. The pilot tone is necessary because of the use of selective
mapping (as described in Section 6.1.3) to decrease the DMT signal’s crest factor.
Additionally, the digital DMT waveform is clipped to obtain a crest factor µ of 2.8

112

6.3 Silica Multimode Fiber
Arbitrary Waveform
Generator

DAC
Tektronix
AWG 7102

(20 GS/s)

VCSEL

bias

MMF
730m

Real-Time
Oscilloscope

ADC

PIN
+
TIA

Agilent Infiniium
DSO 81204B (40GS/s)

Figure 6.33: Experimental setup. DAC: digital-to-analog converter; ADC: analog-todigital converter; PIN + TIA: MMF-coupled PIN photodiode with transimpedance amplifier.

(see equation (4.31)) before being generated by the D/A converter. Phase offset and
amplitude estimation is done by means of a known pilot frame, transmitted once
every 100 DMT frames.
The software-generated DMT transmit sequence, which is stored in the memory
of the AWG, is output at a four-fold oversampling speed of 20 GS/s and a resolution
of 10 bits. By using adaptive QAM-mapping ranging from 16-QAM to 64-QAM,
transmission parameters are adapted to the SNR of the MMF channel as depicted
in Fig. 6.34. Note that this adaptive QAM-mapping, which is optimized manually,
is a simple version of the more sophisticated bit-loading algorithm described in
Chapter 3.6. In total, 110 subcarriers are modulated with 64-QAM, 200 with 32QAM, and the final 200 with 16-QAM, corresponding to a capacity of 2460 bits per
DMT frame. With a transmit time of 102 ns per DMT frame (2048 points per frame
at 20 GS/s), a transmission speed of 2460 bits / 102 ns = 24.1 Gbit/s is achieved in
a transmission bandwidth of only 5 GHz (see Fig. 6.35). With deduction of 3.125 %
of cyclic prefix, 7 % of standard FEC overhead, and 1 % of preambles, the net
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Figure 6.34: Adaptive QAM constellation mapping per subcarrier and location of pilot
tone at the last subcarrier.

Figure 6.35: Transmitted and received (after 730 m of MMF) electrical DMT signal spectra.

transmission bit-rate equals 21.6 Gbit/s. In total, 2500 DMT frames are loaded in
the AWG and output cyclically.
This output signal is then used to directly modulate a commercial 850 nm multimode VCSEL. The measured optical spectrum of the VCSEL is depicted in Fig. 6.36.
It can be seen that the VCSEL has a typical broad optical spectrum which is larger
than 1 nm. With a mean optical power of −3.2 dBm, the output light from the
VCSEL is launched into 730 m of high quality OM3 graded-index multimode fiber
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Figure 6.36: Measured optical spectrum of VCSEL used in transmission experiment with
0.05 nm resolution bandwidth.

with a core diameter of 50 µm.
The signal after transmission (−4.5 dBm mean received optical power) is received
by an MMF PIN-detector with a trans-impedance amplifier. The frequency response
of the transmission system is shown in Fig. 6.37. The received electrical signal from
the photodetector is captured by an Agilent Infiniium DSO 81204B real-time digital
storage oscilloscope with an A/D converter of 8 bits resolution and a sampling rate
of 40 GS/s, corresponding to a sampling rate of four-fold the Nyquist frequency. A
software implementation of a DMT receiver is then used to demodulate the captured
DMT time signal. Finally, the demodulated data sequence is compared to the sent
sequence and the BER is evaluated.
Results
Fig. 6.35 shows the transmitted and received electrical DMT spectra for the IM/DD
transmission system with 730 m of silica MMF. It should be noted that although the
frequency response of the system (see Fig. 6.37) deteriorates rapidly for frequencies
beyond 3 GHz, DMT transmission is nevertheless possible. In a typical baseband
transmission system using on-off-keying modulation, it would have been impossible
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Figure 6.37: Frequency response of the transmission system for the optical back-to back
case and with 730 m of MMF.

Figure 6.38: Measured bit-error ratio of each individual subcarrier. No errors are detected
at those subcarriers where no markers are depicted. In total, 510 subcarriers
are used for data transmission.

to achieve such high data rates of up to 24 Gbit/s over a channel with such a frequency response. The poor frequency response of the system is due to the hardware
used in the experiment.
In Fig. 6.38, the calculated BER values per subcarrier are depicted for a total
of 2700 received DMT frames, which equal 6.6 · 106 bits. The influence of adaptive
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Figure 6.39: Received constellation diagrams after DMT demodulation for (a) subcarrier
nr. 64 (b) subcarrier nr. 250 (c) subcarrier nr. 447.

QAM constellation mapping can clearly be seen from the figure. The BER values per
subcarrier drop steeply to a lower level after transition from a higher order QAM
mapping to a lower order one. The total averaged BER from all 510 subcarriers
and is calculated to be 2.6 · 10−4 , which, by making use of standard Reed-Solomon
(255,239) FEC code, will reduce to < 10−10 . As an indication of the received signal
quality, the received and demodulated DMT frames are shown for subcarriers n =
64, 250, and 447 in Fig. 6.39, with BER values of approximately 3 · 10−4 . The
constellations can be clearly recognized.
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6.3.2

DMT and Relative Intensity Noise

Multimode VCSEL and Modal Noise in MMF
When mode selective losses such as poor connectors or splitters, misaligned fiber
joints, or poor coupling from fiber to photodiode occur in an MMF link, the use
of coherent lasers is known to cause modal noise, resulting in a BER penalty [88].
When coherent light is launched into an MMF, a speckle pattern is created at the
fiber end-face that is caused by the interference of the different modes traversing in
the MMF [89]. The time-fluctuating behavior of the speckle pattern in the presence
of mode selective loss in the optical link causes a power variation in the received
signal and a corresponding BER penalty [90, 91]. For practical application, MMF
links therefore need to be tolerant to modal noise caused by mode selective losses.
Low coherence sources such as LEDs can be used to avoid modal noise in MMF
optical links, but their bandwidths are limited to < 1 GHz and the coupling efficiency
to silica MMF can be very low. In most cases, multimode vertical cavity surface
emitting lasers (VCSELs) are used to prevent the occurrence of modal noise in MMF
links. The logical choice for VCSELs is due to their low threshold currents, high
bandwidths (up to 10 GHz), efficient coupling to fibers, and the low production
costs.
Bit-loading and Relative Intensity Noise
Commercially available VCSELs for short-range optical links usually have a large
active-area diameter allowing for multiple transverse modes. When supplying a
current slightly above threshold, the fundamental mode will start lasing in most
cases. Then more and more transverse modes will be excited with increasing current.
Although the use of a low-coherence multimode source reduces the effect of modal
noise, the existence of multiple modes in VCSELs gives rise to relative intensity
noise (RIN), resulting from the interaction/competition of the different modes in
the VCSEL [85, 86, 87].
Moreover, the frequency spectrum of RIN is not flat but varies for different
frequencies at different bias currents [85, 87], which can result in a BER penalty
when fixed modulation formats are used. By employing DMT with bit-loading,
which adapts transmission rates to the frequency response of the channel, a first
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Figure 6.40: Measurement setup for DMT over MMF transmission. Tx: transmitter,
Rx: receiver, DAC: digital-to-analog converter, ADC: analog-to-digital converter, PD: photodetector.

attempt is made to adapt to the effects of RIN in order to maximize transmission
rate [75].
Although RIN can be a time-varying process, this experiment only shows the
results for a particular spectral distribution of RIN as a proof of concept. Because
offline processing is used in the experiment for modulation and demodulation of
DMT waveforms as well as computation of bit-loading, a real-time adaptive system
cannot be implemented. For the VCSEL used, it was observed that RIN varied
very slowly in time (interval of minutes), with only abrupt changes when the bias
current is changed (abruptly). Therefore, the experiment serves as a good starting
point for further investigation of using DMT with bit-loading to adapt to RIN in
VCSELs. This makes DMT an interesting solution to consider for short-range optical
communication links, which usually need to be robust and adaptive to changes in
the environment.
Experimental setup
Fig. 6.40 shows the setup of the DMT transmission system. The optical transmitter
used is a commercial, analog-driven, 850-nm multimode VCSEL, specified for up
to 10-Gbit/s operation with on-off keying modulation. Two 500 m spools of MMF
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Figure 6.41: Measured 10-Gbit/s eye diagram after transmission over 1000 m of MMF
using 850-nm VCSEL. Inset: Measured optical spectrum of VCSEL from
851 nm to 856 nm.

(Draka MaxCap550, OM4, 4700 MHz·km effective bandwidth at 850 nm) were used
for the experiment. The two spools are connected together in the case of transmission
over a distance of 1000 m. The photodetector (PD) with integrated trans-impedance
amplifier consists of a 25-µm GaAs PIN diode, pigtailed to a 62.5 µm MMF via a
graded-index (GRIN) lens. The optical output power of the VCSEL is fixed at
−0.7 dBm and the detected power levels after 500 m and 1000 m of MMF are
−1.9 dBm and −3.1 dBm respectively. Fig. 6.41 depicts the measured 10-Gbit/s
eye diagram using the setup with 1000 m of MMF. The optical spectrum (from 851
to 856 nm) of the VCSEL is shown in the inset, where the different transverse modes
of the VCSEL can be clearly distinguished.
Similar to all previous experiments, a computer is used to emulate the digital
DMT modulator and demodulator by pre-computing the waveform to be transmitted and post-processing the received waveform. An AWG is used to generate the
corresponding analog DMT waveform at a sampling speed of 20 GS/s and a realtime storage oscilloscope used to capture the received analog DMT signal after the
PD at 20 GS/s. The received data are demodulated and evaluated offline with a
computer.
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A total of 256 subcarriers are available for DMT transmission, ranging from 0
to 10 GHz. Prior to bit-loading, a pilot DMT signal (all subcarriers with 16-QAM
constellation, first at DC not modulated) is sent over the system to determine the
available signal-to-noise ratio per subcarrier, as shown in Fig. 6.42a. It is apparent
that the system bandwidth limits the transmission bandwidth to approximately
6 GHz.
Results
Fig. 6.42c and d show the results from Chow’s bit-loading algorithm [48], for transmission over respectively 500 m and 1000 m of MMF. The desired bit-error-ratio
(BER) is set to 1 · 10−3 , which corresponds to an SNR gap of approximately 7.2 dB.
The bit-loading results show that only 150 out of a total of 256 subcarriers should be
used to achieve maximum bit-rate, where some subcarriers are allocated up to 7 bits
of information (128-QAM modulation). Due to the power allocation, the measured
SNR per subcarrier after bit-loading are stair-case-shaped as depicted in Fig. 6.42b.
Fig. 6.43 shows the transmitted and received electrical DMT signal spectra for
transmission over 1000 m of MMF. The curve in Fig. 6.43c is obtained when the
VCSEL is turned on with a fixed bias, without any modulation. This shows the
relative intensity noise (RIN) spectrum of the transmission system, resulting from
the competition of different modes of the VCSEL [85, 86, 87]. This RIN also affects
the channel SNR, which can be noticed as a dip at approximately 3.5 GHz in the
evaluated SNR curves in Fig. 6.42a. Nevertheless, DMT with bit-loading adapts well
to this loss of SNR. Fig. 6.44a and b show the BER per subcarrier after evaluation of
23000 received DMT symbols, equaling a total of 16 million bits. The total average
BER for 500 m and 1000 m transmission are 7 · 10−4 and 1 · 10−3 respectively. From
the bit-loading parameters, it can be calculated that 30 Gbit/s is achieved over
500 m and 28 Gbit/s over 1000 m of MMF using DMT with bit-loading. After
deduction of 1.5 % of cyclic prefix, 2 % of pilot symbols, and 7 % of FEC overhead,
the net transmission bit rate equals 27.2 Gb/s over 500 m and 25.4 Gb/s over
1000 m of MMF. Fig. 6.44c and d depict the highest received constellation diagrams
employing 128-QAM after transmission over MMF, as an indication of the received
signal quality.
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Figure 6.42: (a) Evaluated SNR per subcarrier (all with 16-QAM, first subcarrier at DC
not modulated) after transmission over 500 m and 1000 m of MMF, prior
to bit-loading. (b) Resulting SNR per subcarrier, after bit-loading. (c) Bitloading parameters for 500 m MMF. (d) Bit-loading parameters for 1000 m
MMF.

Figure 6.43: Measured electrical spectra for (a) sent DMT signal, electrical back-to-back;
(b) received DMT signal, after 1000 m MMF; (c) relative intensity noise of
VCSEL.
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Figure 6.44: Measured BER per subcarrier for: (a) 500 m MMF, total averaged BER =
7 · 10−4 , (b) 1000 m MMF, total averaged BER = 1 · 10−3 . (c) Received
128-QAM constellations after 500 m MMF (d) 1000 m MMF.

6.3.3

Summary

In the first DMT experiment for silica MMF, a net transmission bit-rate of
21.6 Gbit/s was demonstrated over 730 m of silica MMF with direct modulation
of an 850 nm VCSEL and direct detection with an MMF-coupled receiver. This
bit-rate was achieved within a bandwidth of 5 GHz, resulting in a spectral efficiency
of 4.3 bit/s/Hz. Standard on-off-keying modulation is not able to achieve such high
bit-rates, due to both modal dispersion in the fiber as well as limited bandwidth
of transceivers. The results show that DMT is an effective way for compensating
modal dispersion in MMF and can enhance bit-rates while still using conventional
low-cost transceivers due to the high spectral efficiency. It is therefore a promising
solution for low-cost next-generation MMF LAN links operating beyond 10 Gbit/s.
Furthermore, a proof-of-concept experiment was demonstrated to use Chow’s
rate-adaptive bit-loading algorithm to adapt to the frequency-dependent RIN of the
multimode VCSEL used, thereby maximizing the bit-rates (net) to 27.2-Gbit/s over
500 m and 25.4-Gbit/s over 1000 m of silica MMF. Therefore, also in the case of
silica MMF, DMT with bit-loading seems to be an attractive solution to consider.
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6.4

Optical Wireless

White-light LEDs are expected to become a major player in the future lighting
market. So far, the opportunity of modulating their light emission for communication purposes remains untapped. Available modulation bandwidths lie in the MHz
range [21, 22] and white-light LEDs might thus serve for illumination and data
transmission simultaneously, as illustrated in Fig. 6.45. Advantages would be the
inherent low investment and maintenance cost due to the dual-use scenario of illumination and communication, virtually zero interference with radio frequency wireless
communication, the potential to spatially recycle the modulation bandwidth in picoand femto-cells (due to the pronounced directivity of light and the highly efficient
shielding by opaque surfaces), and secured information transfer by confining the
light to a certain spot.
In this section, experiments present such investigations for phosphorescent whitelight LEDs. This type of LEDs are chosen in contrast to the triple-chip RGB type
due the market dominance of the former. As observed in [21], the disadvantageously
small modulation bandwidth of phosphorescent white-light LEDs can be increased
from 3 to 20 MHz when only the blue part of the emitted optical spectrum is
detected. This is because a phosphorescent white-light LED consists of a fast blue
LED, which excites the phosphorous layer of the LED to emit white light. This

white-light
LED lamp

Figure 6.45: Data transmission and illumination scenario.
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3 MHz

20 MHz

Figure 6.46: Frequency response of phosphorescent white-light LED with and without blue
filtering.

phosphorous emission is a relatively slow process, when compared to the blue light
emission. This potential of blue filtering is verified as depicted in Fig. 6.46. From
the figure, the positive impact of blue filtering on the −3 dB bandwidth of the
phosphorescent white-light LED can be observed.
6.4.1

Transmission Performance of a Single LED

Firstly, the transmission performance of a single LED is investigated [22]. The
experimental setup is shown in Fig. 6.47. A single white-light LED with a luminous
intensity of 18 cd and a 15 ◦ full opening angle at 50 % maximum intensity was
used. The distance between LED and detector was chosen to be 1 cm, so that
the illuminance in front of the blue transmission filter (passband 300–500 nm) was
approximately 700 lux (corresponding to an irradiance of 3 W/m2 ). This lies well
within the range of 200–800 lux for office areas, as stipulated by standard [92]. In
a lighting scenario, this distance would naturally be much larger (some meters) due
to the higher total luminous intensity rendered through a multitude of chips (as in
Fig. 6.45).
A DC-bias is added to the AC-coupled DMT modulation signal generated by
an AWG. In order to provide sufficient modulation power, the output of the AWG
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Figure 6.47: Experimental setup for visible light communication. DAC: Digital-to-analog
converter, PD: Si-photodiode with trans-impedance amplifier, ADC: analogto-digital converter.

was additionally amplified and low-pass filtered before being combined with the DCbias. As detector served a PIN diode with an integrated trans-impedance amplifier,
and the output from this detector was additionally amplified and low-pass filtered
(30 MHz) before being captured with a real-time digital storage oscilloscope (DSO)
at a sampling speed of 100 MS/s).
For reference, on-off-keying modulation consisting of 29 − 1 pseudo-random bit
sequence (PRBS-9) produced by a pattern generator was used to modulate the
single phosphorescent LED at a bit-rate of 40 Mbit/s, and the transmitted light
was detected without and with the blue optical filter. Such fairly short PRBS
sequences are appropriate for line-coded transmission, like e.g. Fast Ethernet. The
modulation depth of the optical signal was 25 % and was limited by the maximum
output power of the pattern generator. Without the filter (Fig. 6.48a), and therefore
detecting the entire optical spectrum, the signals were completely distorted due to
the low modulation bandwidth of the emitted light (≈ 3 MHz). In contrast, when
only the blue optical spectrum is detected using the blue filter, clearly visible eye
openings (Fig. 6.48b) can be observed. The prevalent high SNR (> 20 dB) ensures
a clear visibility of the partially closed eye. This opening could of course be further
improved by increasing the modulation depth.
For DMT transmission, software-generated random sequences were used for 32-
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Figure 6.48: Persistence plot of eye diagrams for the received PRBS-9 sequences at
40 Mbit/s (abscissa: 10 ns/div); (a) without and (b) with blue filter.

QAM modulation on a 32-subcarrier DMT signal. The time-domain waveforms were
then loaded into and output by the AWG. DMT is chosen as modulation format
since it offers high spectral efficiency and since the signal spectrum can be adapted
to minimize potential interference from e.g. fluorescent light bulbs. Of the total
32 available subcarriers, the first (at DC) and the last (poor SNR) one were not
modulated. The carrier spacing was 0.78 MHz, the used transmission bandwidth
24 MHz, and the aggregate data-rate 117 Mbit/s. The rather strong attenuation of
carriers at higher frequencies was compensated by pre-equalization, as can be seen in
Fig. 6.49a. Fig. 6.49b depicts the superimposed received constellation diagram of all
subcarriers. The individual constellation points can clearly be distinguished, which
is reflected in the overall low BER values per subcarrier, as displayed in Fig. 6.49c.
For this, 200000 DMT frames were transmitted and received, equaling to 30 million
bits in total. The total averaged BER of the DMT transmission system is calculated
to be 8 · 10−5 . Using a standard Reed-Solomon (255,239) FEC code will result in a
total system BER below 10−14 . From the aggregate data-rate, one needs to subtract
the following overheads: 7 % for FEC, 6.3 % for the cyclic prefix and 2 % for pilot
symbols, which results in a net data-rate of 101 Mbit/s for a single phosphorescent
white-light LED.
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Figure 6.49: Experimental results for 32-QAM DMT modulation. (a) Electrical spectrum
of the signal supplied to the LED and of the received signal. (b) Constellation
diagram of all sub-carriers superimposed on each other. (c) Bit-error ratio
(BER) for the individual sub-carriers (circles).

6.4.2

Transmission Performance of an LED-Array

In order to investigate the DMT performance of a white-light LED lamp in a more
realistic scenario, a further experiment is carried out using an LED-array consisting
of 40 white-light phosphorescent LEDs [93]. The same experimental setup depicted
in Fig. 6.47 is used. Similar to the single-LED case, the AWG is used to generate a
pre-computed, random DMT sequence consisting of 32 subcarriers. After addition
of a DC-bias, this electrical signal is used to directly modulate the LED-array. A
photodetector (1-mm active diameter, with blue optical filter), equipped with a
coupling lens, is placed at a distance of 0.75 m from the transmitting LED-array.
The illuminance at the photodetector, measured before the coupling lens and optical
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Figure 6.50: Measurement results for white-light LED lamp (40 LEDs) at a distance of
0.75 m. (a) Received electrical DMT signal spectrum. (b) Allocated number
of bits per subcarrier. (c) Evaluated BER per subcarrier, no errors detected
for subcarriers without dots. (d) Received constellations of all subcarriers.

filter, is approximately 200 lux. This value lies at the bottom range of 200–800 lux
for office areas [92]. The received electrical DMT signal from the photodetector is
then captured with a DSO and demodulated using offline processing. The sampling
rates of the AWG and DSO are both set at 100 MS/s (four-fold oversampling),
equaling to a transmission rate of 90 Mbit/s. After deduction of 6.25 % of cyclic
prefix, 5 % of pilot symbols, and 7 % of FEC, the net transmission rate equals
74 Mbit/s.
The measurement results are depicted in Fig. 6.50. In Fig. 6.50a, the received
DMT signal spectrum is shown. It can be seen that the signal bandwidth is 25 MHz.
The −3 dB bandwidth of the entire transmission system is 12 MHz. Fig. 6.50b de-
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picts the allocated number of bits per subcarrier, as a result of bit-loading. This
adapts the constellation size of each subcarrier to the signal-to-noise ratio at the corresponding subcarrier frequency, thereby maximizing system throughput. Fig. 6.50c
shows the BER results per subcarrier. Because serial data is transmitted in parallel
using subcarriers with DMT, the total BER of the received data should be averaged
from all subcarriers used and is calculated to be 4.5 · 10−4 . By employing FEC
coding, BER values below 10−12 can be achieved. Finally, the received constellation
diagrams are shown in Fig. 6.50d. In this case, constellations ranging from 4 to
128-QAM are used.
6.4.3

Summary

As white-light LEDs are expected to become a major player in the future lighting market, the combination of illumination and optical wireless information communication with such systems can be envisaged. The experiments presented here
demonstrate the feasibility of high-speed optical wireless data transmission. This
is achieved by directly modulating and detecting the output from both a single
phosphorescent white-light LED as well as an LED-array in a lighting-like scenario.
Due to an increase in modulation bandwidth when detecting only the blue part of
the emitted optical spectrum and a prevailing high optical SNR, data-rates up to
100 Mbit/s for a single LED and 74 Mbit/s for an LED-array was shown by employing spectral-efficient and adaptive multi-level modulation on DMT subcarriers.
Lower data-rates were achieved for the LED-array due to the higher current that was
needed to drive the array, consisting of 40 individual LEDs. This, in turn, results
in lower rise and fall times and therefore less modulation bandwidth. In conclusion,
the combination of DMT and optical wireless is an interesting approach for future
wireless in-home information networks, making use of illumination for information
transfer.
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Real-Time Implementation of
DMT

In the previous sections, it has been shown that potentially high bit rates can be
achieved over the optical IM/DD channel using DMT. However, all presented experimental results were performed using offline processing, which involves the process of
using software to modulate and demodulate stored sequences that were transmitted
and received over a real physical channel. Although this is useful for evaluating the
performance of a specific modulation and demodulation technique including digital
signal processing, there is no constraint on the practicability of such algorithms.
In order to understand more clearly and identify where the major differences
between offline and real-time signal processing are, an approach is made to implement a real-time DMT system and investigate its performance. This chapter first
presents a method for efficient implementation of a real-valued DMT modulator and
demodulator by dual-use of a complex-valued FFT-core. Following this, details and
measurement results regarding the implementation of a real-time 1.25-Gbit/s DMT
modulator are presented and discussed.
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7.1

Efficient Hardware Implementation of DMT

In this section, an efficient method for the implementation of a DMT modulator
and demodulator (modem) is presented, by dual-use of a complex FFT-core. This
is based on the method proposed in [28] to compute two real-valued FFTs using a
complex-valued FFT. Usually, when implementing a DMT modem in hardware, a
standard FFT-core is used which performs a complex-valued IFFT/FFT operation.
From (3.1) and (3.3), it can be seen that for an N -carrier DMT system, a 2N -point
IFFT/FFT operation is needed to implement the modem. This will result in a
real-valued baseband output, which is typical for DMT.
When compared to OFDM, where an N -point IFFT/FFT is needed for an N carrier based system, one might conclude that DMT requires two times the resources
of OFDM, and is therefore not as efficient to implement. This, however, is not true.
By dual use of the real and imaginary parts of a complex IFFT/FFT operation,
it is possible to use one single 2N -point IFFT/FFT operation to simultaneously
compute two different DMT frames. This is because of the real-valued DMT output
signal based on the property of Hermitian symmetry given by (3.1).
In (3.3), it was shown that the output of a 2N -point IFFT is real-valued when
the symmetry property given in (3.1) is satisfied. However, it is also possible for the
IFFT to produce a purely imaginary-valued output without any real values. This
can be considered as an additional orthogonal output. By defining a second input
with complex values Dn (n = 0, 1, . . . , N − 1) for the 2N -point IFFT, modifying the
symmetry property given in (3.1) will yield the following property

D2N −n = −Dn∗

(7.1)

where n = 1, 2, . . . , N − 1 and Im{D0 } = Im{DN } = 0. This will result in a purely
imaginary-valued output from the 2N -point IFFT. If we combine the two different
inputs Cn and Dn (n = 0, 1, . . . , N −1) and pass them orthogonally as a new complex
value Xn = Cn +jDn into the IFFT following properties (3.1) and (7.1), the resulting

132

7.2 Real-Time Gigabit DMT Transmission
output will be
2N −1

1 X
n 
sk = √
Xn exp j2πk
2N
2N n=0
2N −1

1 X
n 
=√
(Cn + jDn ) · exp j2πk
2N
2N n=0
"2N −1
#
2N
−1


X
X
1
n 
n 
=√
Cn exp j2πk
+j
Dn exp j2πk
2N
2N
2N n=0
n=0
Dn
n
= sC
k + jsk

(7.2a)

(7.2b)

(7.2c)
(7.2d)

Dn
n
where sC
are both real-valued DMT time frames resulting from Cn and
k and sk

Dn respectively and k = 0, 1, . . . , 2N − 1. As a result, a two-input, two-output
DMT modulator is created with a single 2N -point IFFT, using both the real and
imaginary in- and outputs.
With this method, a single 2N -point IFFT/FFT can be used to compute two
DMT frames simultaneously, resulting in the same amount of resources required
when compared to OFDM.

7.2

Real-Time Gigabit DMT Transmission

This section focuses on the use of DMT in SI-POF systems based on 650-nm
resonant-cavity LEDs. In order to investigate the feasibility of real-time Gbit/s
transmission with DMT, a 1.25-Gbit/s DMT transmitter is implemented in a Field
Programmable Gate Array (FPGA) and the results are reported in this section. For
application in automotive networks, a commercial resonant-cavity LED (RC-LED)
and a standard PIN photodiode with a large active-area diameter of 540 µm are
used for optical transmission and reception respectively.
7.2.1

System Implementation

Fig. 7.1 shows a functional block diagram of the implementation of the DMT
transmitter in an FPGA (Xilinx Virtex-4 FX100, with clock speed up to 450 MHz).
A 224 −1 pseudo-random binary sequence (PRBS) is generated as input source to the
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Figure 7.1: FPGA implementation of DMT transmitter and experimental setup for performance evaluation.

DMT modulator. This input sequence is serial-to-parallel converted and mapped
onto different quadrature amplitude modulation (QAM) constellation points, implemented using read-only memory cells.
After this, the parallel QAM symbols are serialized because the pipelined IFFTcore needs serial input data. A demultiplexer (DEMUX) is needed to split the serial
data into two parallel processing streams clocked at 312.5 MHz each because the
FPGA cannot support a clock frequency as high as 625 MHz. As a result, two IFFTcores (clocked at 312.5 MHz each) are needed to process the data which is sent to
the D/A converter at double data rate after reordering of the DMT frames and
insertion of training preambles. The DAC samples at a speed of 625 MSamples/s.
Fig. 7.2 depicts the relative amount of resources needed for each of the functional blocks when all functions are to be implemented using only FPGA slices. A
Virtex-4 slice consists of two flip-flops and two 4-input look-up-tables. In the actual
implementation, FPGA-specific hardware such as embedded multipliers and block
RAMs are used so that full performance can be achieved. As expected, it can be
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Figure 7.2: Virtex-4 FPGA slices utilized in DMT transmitter according to functionality
(normalized).

seen from Fig. 7.2 that the IFFT core demands most resources. Depending on the
bandwidth of the DMT signal and the sampling speed of the DAC, parallelization
is needed because of the limited FPGA chip rate. For a bit-rate of 1.25 Gbit/s, implementation in an application-specific integrated circuit (ASIC) will allow higher
chip rates and may discard the need for parallelization. However, for higher-bit-rate
OFDM/DMT systems at speeds of for example 10 Gbit/s, parallelization will nevertheless be needed because the speed of ASICs will not be sufficient. Therefore,
for such applications, more resources for IFFT processing will be required due to
the need for (several orders of) parallelization. This is an important issue which
should be considered when implementation complexity of digital signal processing
techniques in high-speed fiber-optic transmission systems is studied.
7.2.2

Experimental Results

The experimental setup for evaluating the performance of the DMT modulator is
shown in Fig. 7.1. The DMT sequence generated by the DAC (at 625 MSamples/s)
is used to drive an RC-LED for transmission over 10 m of SI-POF. Such distances
are typical for automotive networks and the main limitation originates from the
low bandwidth of the LED-based transmitter. The received optical power after
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Figure 7.3: (a) Bit-allocation per subcarrier. (b) Measured SNR per subcarrier for electrical back-to-back and after transmission over 10 m SI-POF. (c) Spectrum of
DMT signal measured for electrical back-to-back and (d) after 10 m SI-POF.

10 m SI-POF is -3 dBm and the modulation index is approximately 0.6. An Siphotodiode with a large-diameter (540 µm) active area followed by an integrated
trans-impedance amplifier is used to receive the optical signal and a digital storage
oscilloscope sampling at 2.5 GSamples/s is used for demodulation and evaluation
of the received DMT sequence. Fig. 7.3 shows the results of the real-time DMT
transmitter. A 128-point IFFT is used for the DMT modulator where the first and
last subcarriers are set to 0. Therefore, a total of 62 subcarriers is available and
used for information transmission.
Furthermore, a 4-point cyclic prefix is used to guard against inter-frame interference due to channel dispersion and 10 preambles per 100 DMT frames are
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transmitted for training and channel estimation purposes. All preambles are exact
copies of a single preamble, which is generated by DMT modulation of a particular
data sequence in order to minimize its crest factor.
A simple fixed bit-loading scheme is applied by allocating the number of bits
per subcarrier as depicted in Fig. 7.3a. By summing up the allocated bits of all
subcarriers, a total of 264 allocated bits per DMT frame is found. With a DAC
sampling rate of 625 MSamples/s and a 128-point DMT frame plus 4 points of
cyclic prefix, the DMT frame rate (also known as symbol rate) is calculated to be
(128 + 4) /625 · 106 ≈ 0.2 µs. This results in an aggregate bit-rate of 1.25 Gbit/s,
which reduces to 1.125 Gbit/s after deduction of preamble overhead.
The signal-to-noise ratio (SNR) per subcarrier of the DMT transmitter is measured and plotted in Fig. 7.3b for both electrical back-to-back and transmission
over 10 m SI-POF. The bandwidth limitation of the SI-POF channel can clearly
be seen. Fig. 7.3c depicts the measured electrical back-to-back spectrum of the
DMT signal, where the desired signal spectrum (from 0 to 312.5 MHz) including
its mirrored replica (beyond 312.5 MHz) due to conversion from digital (discrete)
to analog (continuous) domain can be seen. Unlike wireless communications, this
mirrored spectrum does not need to be removed by filtering before transmission over
SI-POF because it does not interfere with other communication bands.
In Fig. 7.3d, the influence of the low-pass SI-POF channel bandwidth on the
measured received electrical DMT spectrum can be observed. Notice also the frequency spikes occurring in the spectra of both Fig. 7.3c and d, which is a result of
the preambles (10 out of every 100 DMT frames). These preambles have been assigned twice the power of a standard DMT data frame, which is allowed due to their
minimized crest factor. In Fig. 7.4a-d, the received constellation diagrams (after
10 m SI-POF) are plotted for the subcarriers indicated by the arrows in Fig. 7.3a.
7.2.3

Summary

An analysis of hardware resources needed for implementing Gigabit DMT transmission shows that parallelization of signal processing functions plays an important
role in defining hardware complexity when operating at high bit-rates. Experimental
results show successful implementation of a real-time 1.25-Gbit/s DMT transmitter
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(a)

(c)

(b)

(d)

Figure 7.4: Received constellation diagrams after 10 m SI-POF for subcarriers indicated
by the arrows shown in Fig. 7.3a; (a) subcarrier number n = 2 (b) n = 17 (c)
n = 18 (d) n = 63.

using an RC-LED over 10 m of SI-POF. The results prove that DMT is a promising
candidate for upgrading conventional LED-based SI-POF links to enable Gigabit
transmission.
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Pulse Amplitude Modulated
DMT

In low-cost optical communication systems such as multimode fiber and optical wireless, IM/DD is employed where only the intensity of light is modulated. Application
of DMT over such an optical IM/DD channel is different from standard electrical
systems, because the bipolar baseband signal is used to modulate the intensity of
the optical source, which can only have positive values. In IM/DD DMT systems,
this problem is commonly solved by adding a DC bias to the bipolar DMT signal to
make it unipolar, referred to as DC-biased DMT, which has been the topic of this
thesis in all previous chapters. However, it has also been shown by [94, 30] that it is
possible to clip the negative parts of a DMT signal to zero and to transmit only the
positive parts of the DMT waveform as in asymmetrically clipped optical OFDM
(ACO-OFDM).
In [30], it was shown that ACO-OFDM can offer better performance than DCbiased DMT due to asymmetric clipping. The idea is to modulate only the oddnumbered subcarriers to transmit information whereas the even-numbered ones are
used to accommodate distortion resulting from asymmetric clipping of the negative
values of the ACO-OFDM waveform. Although this is not a problem for a channel
with flat frequency response, the restriction to use only odd-numbered subcarriers
can degrade performance in a frequency-selective channel. Especially when bit-
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loading is employed, where the allocation of bits and power per subcarrier is adapted
to the signal-to-noise ratio (SNR) of the frequency-selective channel [24, 9], the
restriction to modulate only odd-numbered subcarriers will result in a non-optimal
adaption to the channel response, causing a loss in system performance.
This section presents a novel concept of pulse-amplitude-modulated DMT (PAMDMT), which also allows asymmetric clipping at zero value and transmission of only
the positive parts of the DMT signal as in ACO-OFDM [95]. In contrary to ACOOFDM, all subcarriers can be used to transmit information, so that bit-loading can
be used to fully adapt the waveform to the system’s channel response and achieve
optimum performance.

8.1

Concept of PAM-DMT

For a standard DMT system, the multicarrier DMT discrete time-domain sequence x(k) generated with a 2N -point IFFT can be written as:
2N −1

n 
1 X
Cn exp j2πk
,
x(k) = √
2N
2N n=0

(8.1)

for k = 0, 1, . . . , 2N − 1. Cn (n = 1, 2, . . . , 2N − 1) are complex-valued information
symbols. In order to achieve a real-valued output signal after the 2N -point IFFT
for baseband transmission, only N − 1 symbols, i.e. Cn for n = 1, 2, . . . , N − 1, can
be modulated with useful data, because the Hermitian symmetry C2N −n = Cn∗ has
to be satisfied. For DC-biased DMT over optical IM/DD channels, C0 = CN = 0
because it is more practical to add an analog DC-bias after digital-to-analog (DA)
conversion of x(k). The resulting time-continuous DMT waveform x(t) after D/A
conversion is given by:
x(t) =

2N
−1
X

x(k)δ(t − k) ⊗ h(t),

k=0

where ⊗ is the convolution operator, δ(t) is the Dirac impulse, and h(t) is the interpolation filter of the DAC. h(t) is chosen here to be a rectangular pulse, representing
the DAC sample-and-hold function.
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In the case of PAM-DMT, the real parts of Cn are set to zero and only the
imaginary parts are pulse-amplitude modulated, resulting in: Cn = jBn , where Bn
(n = 1, 2, . . . , N − 1) are the PAM symbols containing useful data. Taking into
account the Hermitian symmetry, where B2N −n = −Bn , (8.1) can be rewritten as:

2N −1

 
n 
1 X
n 
+ j sin 2πk
x(k) = √
Cn cos 2πk
2N
2N
2N n=0
N −1

−2 X
n 
= √
Bn sin 2πk
2N
2N n=0

(8.2)

for k = 0, 1, . . . , 2N − 1, the values Cn = jBn , and B0 = BN = 0, in the case
of PAM-DMT. Fig. 8.1a depicts an example of the resulting time-discrete PAMDMT waveform for N = 32. Notice that the positive and negative parts of the
waveform are anti-symmetrical along the zero-valued axis because it consists of only
n
sin(2πk 2N
) terms as derived in (8.2). As a result, clipping away the negative values

(see Fig. 8.1b) will not discard any useful information, as the same information is
again contained in the positive parts of the waveform. Fig. 8.2a shows the corresponding demodulated 4-PAM constellation for a PAM-DMT waveform without
asymmetrical clipping and Fig. 8.2b shows the same for a PAM-DMT waveform with
asymmetrical clipping, where all negative waveform values are clipped to zero and
only the positive parts of the waveform are transmitted and received. Observe that
the distortion resulting from asymmetric clipping falls orthogonally onto the realvalued parts of the PAM signal, without influencing the imaginary parts modulated
with information.

8.2

Performance Comparison by Simulations

In order to investigate the performance of PAM-DMT in comparison to DCbiased DMT and ACO-OFDM, simulations regarding the three modulation schemes
have been performed.
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Figure 8.1: PAM-DMT discrete time-domain waveform (a) before and (b) after asymmetric clipping of negative values.
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Figure 8.2: Demodulated 4-PAM-DMT constellation (a) without and (b) with asymmetric
clipping of negative values.

8.2.1

Simulation Parameters

In DC-biased DMT, the value of the bias depends on the peak amplitude of
the waveform. Due to incidental constructive in-phase addition of a large number
of subcarriers, instantaneous peak amplitude values can get very large and should
therefore be limited. The most straightforward way is to clip the signal. The
resulting unipolar, DC-biased DMT signal sDM T (t) is given by:
p
sDM T (t) = µ hx2 (t)i +x̂(t),
| {z }
DC-bias
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(8.3)

8.2 Performance Comparison by Simulations
where µ is the clipping factor,

p
hx2 (t)i is the root-mean-square value of the DMT

signal x(t) before clipping, and x̂(t) is the clipped time-continuous DMT signal with
p
peak amplitude values limited to µ hx2 (t)i. When sDM T (t) is used to modulate the
intensity of an optical source, the resulting mean optical power Popt is proportional
p
to the DC-bias given by µ hx2 (t)i, as derived in [9] and [30].
In the case of ACO-OFDM and PAM-DMT, no DC-bias is needed because negative parts of the waveforms are clipped to a value of zero, resulting in a waveform
s(t) given by:
 p
 µ hx2 (t)i
s(t) =
x(t)

0

p
2 (t)i
for x(t) > µ hxp
for 0 ≤ x(t) ≤ µ hx2 (t)i
for x(t) < 0

(8.4)

where s(t) can be represented as either sACO−OF DM (t) or sP AM −DM T (t) and x(t) is
the corresponding ACO-OFDM or PAM-DMT waveform before asymmetric clipping
p
with peak amplitude values limited to µ hx2 (t)i. Unlike DC-biased DMT, the
resulting mean optical power Popt when sACO−OF DM (t) or sP AM −DM T (t) is used to
p
modulate the intensity of an optical source is proportional to hx2 (t)i, which is
independent of the peak amplitude value and the clipping factor µ. This is the
performance gain that is achieved when compared to DC-biased DMT.
8.2.2

Mean Power Limited System

Fig. 8.3 depicts simulation results where the system performances of the three
modulation schemes are compared for an IM/DD optical channel. In the simulation
model, sDM T (t), sACO−OF DM (t), and sP AM −DM T (t) are alternately used to modulate the intensity of an optical source, transmitted over a channel with flat frequency
response, and detected by a photodetector with additive white Gaussian noise. The
number of subcarriers N is 256 and a noise equivalent power (NEP) of 16 · 10−12
W/Hz is assumed, which was shown in [9] to be realistic for a photodetector with
an integrated transimpedance amplifier. For different values of µ and modulation
level M , the required mean received optical power (receiver sensitivity) for a system
BER of 10−3 is plotted. Because ACO-OFDM uses only half of the total number of
subcarriers N for transmitting useful information, the M -QAM and M -PAM modulation levels of respectively DC-biased DMT and PAM-DMT should be compared
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Figure 8.3: Receiver sensitivity (optical dBm) for a system BER of 10−3 vs. clipping level
for (a) DC-biased DMT (b) ACO-OFDM (c) PAM-DMT.

to M 2 -QAM of ACO-OFDM. In Fig. 8.3a, performance degradation is observed for
large values of µ in DC-biased DMT due to the effect of photodetector noise. For
small values of µ, clipping noise dominates and causes also performance loss. ACOOFDM and PAM-DMT exhibit only significant performance degradation for small
values of µ (see Fig. 8.3b-c), because the mean optical power Popt does not depend
on µ for large values.
Fig. 8.4 summarizes the results of Fig. 8.3 by plotting the optical receiver sensitivity for a system BER of 10−3 at the optimum values of µ against the normalized
bandwidth/bit-rate. These optimum values of µ correspond to the minimum re-
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Figure 8.4: Receiver sensitivity (optical dBm) against normalized bandwidth/bit-rate for
a system BER = 10−3 .

quired receiver sensitivity values given in Fig. 8.3. The parameters for normalizing
bandwidth/bit-rate are chosen as in [30], for comparison purposes. For values larger
than 0.2, ACO-OFDM and PAM-DMT perform better than DC-biased DMT, confirming the results shown in [30] for ACO-OFDM. It should be noted that these results do not take the non-linearity in the current to optical power conversion process
into account. Finally, notice that both PAM-DMT and ACO-OFDM show identical
performance. This is because in ACO-OFDM, half of the subcarriers are filled, but
in PAM-DMT half of the quadrature is filled. Therefore, the same performance is
obtained when a flat frequency response is considered.

8.2.3

Comparison of PAM-DMT and ACO-OFDM

An important advantage of OFDM and DMT is the ability to adapt the modulation format of each subcarrier to the SNR of the channel, commonly known as
bit-loading. In Fig. 8.5, a comparison between PAM-DMT and ACO-OFDM is
made for an IM/DD channel with Gaussian low-pass response, where its −3 dB
bandwidth is set to 0.5 times the signal bandwidth (see Fig. 8.5a). Rate-adaptive
bit-loading as in [9] is performed for both PAM-DMT and ACO-OFDM, where a
slightly modified power allocation algorithm is employed for PAM-DMT due to the
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use of PAM instead of QAM symbols. Observe from Fig. 8.5a (N = 32 subcarriers) that ACO-OFDM cannot adapt as well to the Gaussian channel response as
PAM-DMT because only half of the subcarriers in ACO-OFDM are used. Consider
e.g. subcarriers 1 and 2, where 7 bits are allocated for ACO-OFDM and 2 × 4 bits
are allocated for PAM-DMT, resulting in a lower total number of bits allocated
in case of ACO-OFDM. This effect is more significant for small values of N , as
shown Fig. 8.5b, where the ratio of maximum achievable bit-rate at BER = 10−3 for
PAM-DMT to ACO-OFDM bP AM −DM T /bACO−OF DM is plotted for different number
of subcarriers N used. The mean received optical power and clipping factor µ are
set to −22 dBm and 8 respectively. For N = 32, 1.21 times higher bit-rates can be
achieved with bit-loading for PAM-DMT compared to ACO-OFDM.
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Figure 8.5: Influence of Gaussian channel response on (a) the bit-allocation per subcarrier
for a 32-subcarrier system with bit-loading; (b) achievable bit-rate of PAMDMT over ACO-OFDM for different number of subcarriers used.
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8.3 Summary
8.3

Summary

Simulation results show that for an IM/DD channel with a flat frequency response, PAM-DMT and ACO-OFDM employing asymmetrical clipping achieve identical performance and are better than DC-biased DMT for normalized bandwidth/bitrate values larger than 0.2. For a Gaussian low-pass channel response, ACO-OFDM
with bit-loading does not adapt as well to the channel as PAM-DMT due to the use
of only odd-numbered subcarriers, resulting in better performance for PAM-DMT
especially when a small number of subcarriers are used. Finally, it is important
to note that multi-path dispersion can break the symmetry at zero for both ACOOFDM and PAM-DMT and should be further investigated in detail. However, since
the symbol period is always chosen to be much longer than the value of dispersion,
this effect is reduced to a minimum.
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Conclusions and
Recommendations

The application of DMT modulation in an optical IM/DD channel for short-range
optical communications was proposed and investigated in this thesis. The communication channels considered include POF, silica MMF, and optical wireless (based
on white-light LEDs). The reason to investigate the use of DMT is because of its
advantages such as high spectral efficiency, the ability to adapt to channel conditions with bit-loading, and the use of cyclic prefix for compensating dispersion.
Naturally, DMT also have disadvantages such as high crest factor values and high
implementation complexity, which were also investigated in this thesis.
First, the principle of DMT was explained and it was shown that the combination of a long DMT frame length and a cyclic prefix can be used to guard against
inter-frame interference resulting from dispersion. Dispersion in IM/DD short-range
optical communications can be characterized as modal dispersion resulting from the
use of multimode fibers, slow rise and fall times of transmitter and receiver components (bandwidth limitation), and in the case of optical wireless, also from reflections
from walls and other objects.
Furthermore, the channel capacity of an optical IM/DD channel was investigated
in Chapter 4 by use of the water-filling method. This resulted in an analytical model
that can be used to calculate the capacity of a general IM/DD channel, divided into
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two parts:
• a channel frequency response dependent part, which is a function of SNRnorm ,
and
• a noise dependent part given by SNRnorm (see equation (4.22)).
Besides standard parameters of channel attenuation, signal bandwidth, mean transmitted optical power, and receiver noise given by NEP, it was noticed that the
normalized signal-to-noise ratio SNRnorm of an optical IM/DD channel is also defined by the crest factor µ of the transmit signal. This important result characterizes
the maximum achievable capacity in an optical IM/DD channel. It was found that
in the presence of only receiver noise, lower crest factor values (with a minimum of
1) will result in larger capacity in an optical IM/DD channel.
In the case of DMT transmission, SNRnorm does not only depend on receiver
thermal noise, but is also dependent on quantization noise and clipping distortion,
which are both modeled as white noise. Due to the large crest factor of DMT signals,
clipping is unavoidable. When a DMT signal is clipped to achieve lower crest factor
values, the amount of clipping distortion will increase, which is considered as noise.
Therefore, lower crest factor values (as a result of symmetrical clipping) do not
naturally lead to larger capacity with DMT in an optical IM/DD channel. In the
presence of clipping, an optimum value for µ exists, that optimizes the relation of
receiver, quantization, and clipping noise, achieving highest capacity for DMT over
an optical IM/DD channel.
It should be noted that the capacity analysis of DMT over an optical IM/DD
channel is based on the assumption that the crest factor of the DMT signal is reduced by clipping, and that the resulting distortion is regarded as noise. However,
if it is possible to employ distortion-less crest factor reduction techniques, or retrieve information from clipping distortion so that crest factor is reduced without
adding noise, the maximum achievable capacity of DMT transmission over an optical IM/DD channel can be increased. Naturally, such solutions come at the cost of
higher implementation complexity and the question remains whether these can be
realized in practice.
Next to channel capacity analysis, the analytical modeling of DMT clipping noise
was also demonstrated to correspond well to simulation results employing clipping.
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Given the system parameters, optimum clipping-limited crest factor values for best
DMT performance over an optical IM/DD channel can be predicted analytically by
making use of this model. A direction for further work might be to validate this
model with experimental results.
Furthermore, in Chapter 5, it was shown (both by simulations and experiments)
that DMT performance gets better for larger number of subcarriers. The most important reason is that for a larger number of subcarriers, the frequency-selective
transmission channel can be better decomposed into frequency-flat subchannels so
that zero-forcing equalization at the DMT demodulator can be more effective. Additionally, when combined with bit-loading, the constellation size (number of allocated
bits) and power per subchannel can be more finely adapted to its corresponding SNR
in order to achieve maximum transmission rate.
An interesting observation from Chapter 5 is that when a DMT signal is used to
modulate an optical transmitter such as a DFB laser, a large dynamic range (and
modulation index) can be used for the driving current without significant signs of
laser non-linearity effects (measured at a BER of 10−3 ). One possible reason for
this is that non-linearity in the current-to-optical power conversion process mainly
occurs due to saturation effects because insufficient holes and electrons are able to
recombine in a timely manner. This however, is a relatively slow process and is
more evident not only for slow-varying, but also for non-dynamic, periodic (low
crest factor) modulation signals.
Multi-carrier waveforms such as DMT, however, are characterized by their highly
dynamic amplitude values, leading to large crest factors. Statistically, large peaks
do not occur very often and are random in nature (non-periodic). Due to these
infrequent and irregular peaks, saturation effects are less likely to take place in the
current-to-optical conversion process because sufficient holes and electrons are often
present for recombination. Therefore, non-linearity issues are less pronounced and
might be less critical for DMT transmission, when compared to other modulation
formats. More detailed investigation of this issue is recommended for further work,
and might lead to an additional advantage of using DMT in optical IM/DD channels.
In Chapter 6, experiments regarding the application of DMT in POF, silica
MMF, and optical wireless channels were presented and system performance limits
were investigated. One of the most interesting results is the ability to use an RC-
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LED to transmit data at a rate of 1 Gbit/s over 50 m of SI-POF, which is severely
limited in bandwidth. Bit-rates >1 Gbit/s were also achieved for shorter distances
of 5 m to demonstrate the high spectral efficiency of DMT to achieve up to almost
10 Gbit/s transmission using transmission bandwidths of 2 to 3 GHz. For PF-GIPOF, optimum DMT transmission parameters were experimentally investigated,
resulting in bit-rates of up to 47 Gbit/s over a distance of 100 m.
For silica MMF, it was shown that DMT in combination with bit-loading can
compensate for relative intensity noise in low-cost multimode VCSELs. However,
this was only done statically, as a proof of concept. Further work on showing realtime adaptation to such time-varying impairments with bit-loading is recommended.
Additionally, it is also interesting to investigate the possibility to use bit-loading to
adapt to physical variations in the link, such as fiber bending, launching offset, connector misalignment, modal noise, etc. Moreover, demodulation of DMT waveforms
results in a lot of information over the transmission channel, so that performance
monitoring can also be a very interesting topic to investigate. Based on channel parameters, one might be able to associate variations of these parameters with certain
physical impairments so that the user can be notified when a link is not functioning
correctly and where the problem might be.
A further interesting topic is optical wireless, where experimental investigations
showed that bit-rates of up to 100 Mbit/s can be possible with phosphorescent
white-light LEDs. Such LEDs are nowadays gaining tremendous popularity for
illumination purposes due to advantages such as high efficiency, long life time expectancy, and potentially low costs. The dual use of such LEDs for illumination and
information transfer proves to be an interesting application.
In Chapter 7, an approach to implement a real-time 1.25 Gbit/s DMT transmitter was presented. Its transmission performance results were evaluated in terms of
received signal quality. This was done as a first step to understand and investigate
underlying issues of DMT concerning hardware design and complexity. One important issue to solve in further work is to define the maximum number of subcarriers
(or FFT size) that can be implemented in a realistic DMT system. It will be interesting to know how this number scales with regard to the desired bit-rate/processing
speed. Another recommendation for further work is to characterize the complexity
of various offline processing algorithms and to find out what implications the desired
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bit-rate/processing speed has on the practical realization of such algorithms. Moreover, most software used for offline processing do not take into account the impact
of fixed-point implementation, so that precise floating-point arithmetic operations
are used to perform signal modulation and demodulation. This results often in very
optimistic performance values. Further work should study this issue and find a way
to relate performance degradation to the precision of fixed-point arithmetic used.
Last but not least, in Chapter 8, the idea of PAM-DMT was proposed with
regard to transmission over an optical IM/DD channel and its performance was
investigated with simulations. The results showed that for a channel with flatfrequency response, PAM-DMT achieves identical performance results with ACOOFDM. This is because in ACO-OFDM, half of the subcarriers are filled, but in
PAM-DMT half of the quadrature is filled. For the same channel, when small
constellations of up to 32-QAM are used, the optical receiver sensitivity required by
PAM-DMT and ACO-OFDM to achieve a BER of 1·10−3 is lower than the standard
DC-biased DMT in an optical IM/DD channel. In this case, this means that PAMDMT and ACO-OFDM achieve better performance. It should be noted that this
conclusion results from the assumption that the transmission channel is limited by
the mean optical power, i.e. high peak optical power values do not saturate. Further
study is required and recommended to verify if this is an appropriate assumption
for the optical IM/DD channel, taking into account the conclusions in Chapter 5.3.
In the case of a frequency-selective channel, PAM-DMT using bit-loading allows
more accurate allocation of bits (and power) per subcarrier due to the fact that all
subcarriers can be modulated with data, in comparison with ACO-OFDM. However,
this effect is only significant when a low number of subcarriers is used. Finally, the
effects of channel impulse response should be studied for PAM-DMT (and ACOOFDM) to see if the symmetry property (which allows clipping of negative values)
can be broken so that degradation in signal quality occurs.
In conclusion, short-range optical communications is an exciting alternative field
for optical telecommunications, which is traditionally dominated by long-haul singlemode fiber transmission. However, the biggest hurdle for short-range optical communications is the (fierce) competition with traditional transmission media such as
copper cables and wireless communications, which have already established themselves for decades and have found wide adoption in the market, resulting in large
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economies of scale. The addition of digital signal processing schemes like DMT in
order to make short-range optical systems more robust and achieve higher bit-rates
might from a research point of view be very interesting, but does drive the costs of
such systems up.
In a highly (price-) competitive market such as mass-consumer applications, the
complexity (and therefore price) of such digital signal processing techniques should
be well-chosen to optimize certain key factors such as price, energy-efficiency, ease
of use, quality of service, transmission speed, novel application scenarios, which in
the end will determine the success of short-range optical communications.
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Appendix A

Shannon Capacity Calculations
This appendix shows the main mathematical passages that lead to the optical
IM/DD channel capacity results for the Gaussian and first-order low-pass channel
responses given in Chapter 4 by equations (4.24) and (4.29) respectively.

A.1

Gaussian Low-Pass Channel Response

This section shows the mathematical passages that lead to the Gaussian low-pass
channel capacity result as shown in (4.24). First, an analytical expression for the
capacity in terms of the parameter ξ is found. Starting from (4.9) and combining it
with (4.11), (4.19) and (4.20), the following is obtained:
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By introducing η = ξ/f0 , the expression for the capacity can be written as:
2
f0 · η 3
3 ln(2)
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p
f3dB · η 3 .
=
3 ln(2) ln(2)
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(A.2)

The only remaining point is the evaluation of the quantity η. Starting from
(4.21) and rewriting it introducing the parameter η results in:
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−η

This last equation is the key equation for calculating the Shannon capacity of a
Gaussian low-pass optical IM/DD channel. It is to be meant as an equation in the
unknown η. The only input to this equation is SNRnorm , so that in the end η is
simply a given function of SNRnorm , i.e., η = g(SNRnorm ). This function g(·) does
not have a closed-form expression, but involving very smooth and regular functions
can be very easily evaluated numerically.

A.2

First-Order Low-Pass Channel Response

This section shows the mathematical passages that lead to the first-order lowpass channel capacity result as shown in (4.29). Starting again from (4.9), the analytical expression for the capacity in terms of the parameter ξ is found by combining
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it with (4.26b), resulting in:
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The value of ξ is found by evaluating (4.27):
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Substituting (A.5e) in (A.4f) gives:
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Chapter A. Shannon Capacity Calculations
which is a closed-form expression for the capacity of a first-order low-pass optical
IM/DD channel, given again as a function of SNRnorm .
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Appendix B

Modulation Index and Optical
Modulation Amplitude

This appendix presents the definition of modulation index (MI) and optical modulation amplitude (OMA) as used to describe the properties of DMT modulation in
the optical IM/DD channel.
Output Power

Popt

I (t )
0

Input Current

Ith
Ibias
x (t )

Figure B.1: Ideal optical intensity modulator model.
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Chapter B. Modulation Index and Optical Modulation
Amplitude
B.1

Modulation Index

The model of an ideal linear optical intensity modulator is depicted in Fig. B.1.
This model assumes that no optical power is emitted when the driving current is
below the threshold value Ith , and the optical power emission is linearly proportional to the driving current when this current is above Ith . Moreover, there is no
saturation effect for infinite values of the driving current. Based on this model, the
instantaneous transmitted optical power Popt (t) in [Wo ] can be written as a function
of its driving current by
Popt (t) = β [Ibias + x(t)]

(B.1)

where β is the quantum efficiency of the electrical current-to-optical power conversion given in [Wo /A] and x(t) is the time-varying modulation current in [A] which
is assumed to be zero-mean and bipolar. Ibias is the bias current given in [A]. When
xpeak is defined to be the peak amplitude of x(t), the modulation index is written as
MI =

xpeak
Ibias − Ith

(B.2)

which is the definition of modulation index used in this thesis.

B.2

Optical Modulation Amplitude

Typically, the optical modulation amplitude (OMA) is used for characterizing
binary on-off keying modulation systems in optical IM/DD channels. It is defined
as [56, 57] the difference in optical power between the high P1 and the low level P0 ,
given by
OMA = P1 − P0

(B.3)

where OMA, P1 , and P0 are given in [mWo ]. Because it is a wide-spread and
commonly-used parameter, it is also adopted in this thesis to characterize the application of DMT over an optical IM/DD channel. In the case of the optical intensity
modulator model given in Fig. B.1, the following is defined for
P1 = β {Ibias + max [x(t)]}
= β (Ibias + xpeak )
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(B.4a)
(B.4b)

B.2 Optical Modulation Amplitude
and
P0 = β {Ibias + min [x(t)]}

(B.5a)

= β (Ibias − xpeak ) .

(B.5b)

The calculation of OMA remains the same as given in (B.3). If the mean optical
power of the IM/DD channel is also known, the modulation index can be calculated
from the OMA. The advantage of using OMA is that all parameters that define how
the intensity modulator is driven are related to the optical power in the IM/DD
channel, which can be easily measured. It is also possible to define OMA given in
optical [dBm], with
OMA [dBm] = 10 log10 (OMA [mWo ]) .

(B.6)
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List of Abbreviations

AC:
ACO-OFDM:
AMOOFDM:
A/D:
ADC:
ADSL:
AMGDM:
ASIC:
AWG:
AWGN:
BER:
CATV:
CP:
D/A:
DAC:
DC:
DD:
DEMUX:
DFB:
DMA:
DMT:
DSL:
DSO:
DVB-T:
DVD:
EMD:
FEC:
FFT:
FPGA:
GI-POF:
GRIN:
HDMI:
HDTV:
IEEE:
IFFT:
IM:

Alternating current
Asymmetrically-clipped optical OFDM
Adaptively-modulated optical OFDM
Analog-to-digital
Analog-to-digital converter
Asymmetric Digital Subscriber Line
Angular mode group diversity multiplexing
Application-specific integrated circuit
Arbitrary waveform generator
Additive white Gaussian noise
Bit-error ratio
Cable television
Cyclic prefix
Digital-to-analog
Digital-to-analog converter
Direct current
Direct detection
Demultiplexer
Distributed feedback (laser)
Differential mode attenuation
Discrete multitone
Digital Subscriber Line
Digital storage oscilloscope
Terrestrial Digital Video Broadcasting
Digital video disc
Equilibrium mode distribution
Forward error correction
Fast Fourier transform
Field programmable gate array
Graded-index plastic optical fiber
Graded-index
High-Definition Multimedia Interface
High-definition television
Institute of Electrical and Electronics Engineers
Inverse fast Fourier transform
Intensity modulation
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List of Abbreviations
IM/DD:
IPTV:
IrDA:
ISI:
IQ:
LAN:
LD:
LED:
MI:
MIMO:
MLSE:
MMF:
MOST:
NA:
NEP:
NRZ:
OFDM:
OMA:
PAM:
PAM-DMT:
PAPR:
PD:
PF-GI-POF:
PIN:
PMMA:
POF:
PRBS:
PROFINET:
QAM:
RC-LED:
RIN:
rms:
Rx:
SI-POF:
SMF:
SNR:
TIA:
Tx:
USB:
UTP:
VCSEL:
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Intensity modulation and direct detection
Internet Protocol television
Infrared Data Association
Inter-symbol interference
In-phase and quadrature-phase
Local area network
Laser diode
Light-emitting diode
Modulation index
Multiple input multiple output
Maximum likelihood sequence estimation
Multimode fiber
Multimedia-Oriented System Transport
Numerical aperture
Noise equivalent power
Non-return-to-zero
Orthogonal frequency division multiplexing
Optical modulation amplitude
Pulse-amplitude modulation
Pulse-amplitude-modulated discrete multitone
Peak-to-average power ratio
Photodetector
Perfluorinated graded-index plastic optical fiber
Positive-intrinsic-negative (diode)
Poly-methyl-methacrylate
Plastic optical fiber
Pseudo-random binary sequence
Process Field Network
Quadrature amplitude modulation
Resonant-cavity light-emitting diode
Relative intensity noise
Root-mean-square
Receiver
Step-index plastic optical fiber
Single-mode fiber
Signal-to-noise ratio
Trans-impedance amplifier
Transmitter
Universal Serial Bus
Unshielded twisted pair
Vertical-cavity surface-emitting lasers

List of Abbreviations
VDSL:
VoIP:
VSA:
VSG:
WiFi:
WiMAX:
WLAN:

Very high-speed Digital Subscriber Line
Voice over Internet Protocol
Vector-signal analyzer
Vector-signal generator
Wireless Fidelity
Worldwide Interoperability for Microwave Access
Wireless local area network
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