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Abstract—We discuss coherent optical orthogonal frequency
division multiplexing (CO-OFDM) as a suitable modulation
technique for long-haul transmission systems. Several design and
implementation aspects of a CO-OFDM system are reviewed, but
we especially focus on phase noise compensation. As conventional
CO-OFDM transmission systems are very sensitive to laser phase
noise a novel method to compensate for phase noise is introduced.
With the help of this phase noise compensation method we show
continuously detectable OFDM transmission at 25.8 Gb/s data
rate (20 Gb/s after coding) over 4160-km SSMF without dispersion
compensation.
Index Terms—Chromatic dispersion compensation, fiber-optic
transmission systems, long-haul transmission, orthogonal frequency division multiplexing (OFDM).

I. INTRODUCTION

O

RTHOGONAL FREQUENCY DIVISION MULTIPLEXING (OFDM) is a promising method to eliminate
the need for optical dispersion compensation in long-haul
transmission links. Fiber-optic OFDM systems can be realized
either with direct detection optical (DDO) [1], [2] or with
coherent optical (CO) detection [3], [4]. Recently, several high
data rate OFDM transmission experiments have been reported.
With DDO-OFDM, 20 Gb/s transmission over 320 km standard
single mode fiber (SSMF) was shown by Brendon et al. [1] and
a directly modulated laser was used by Lee et al. to transmit
24.1 Gb/s over 730 m of multimode fiber [2]. Using CO-OFDM,
Shieh et al. [3] demonstrated 8-Gb/s over 1000 km of SSMF
and recently, we reported long-haul 25.8-Gb/s transmission
over 4160 km of SSMF [4].
Whereas DDO-OFDM is more suitable for cost-effective short reach applications, the superior performance of
CO-OFDM makes it an excellent candidate for long-haul
transmission systems. The sensitivity of CO-OFDM is superior
to that of DDO-OFDM as DDO-OFDM requires half the optical power to be allocated for the transmission of the carrier.
DDO-OFDM furthermore requires that a guard band is used between the optical carrier and the OFDM band, in order to avoid
intermodulation impairments that occur at the photodiode [1].
This guard band effectively halves the obtainable (optical)
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spectral efficiency and increases the bandwidth requirements
of the optical front end of the transmitter and receiver. On
the other hand, DDO-OFDM requires fewer components at
transmitter and receiver than CO-OFDM and is therefore more
cost-effective. A major concern of CO-OFDM is the phase
noise of the local oscillator that must be compensated for,
especially since the impact of phase noise on the performance
of OFDM systems is much larger than that of thermal noise [5].
In conventional CO-OFDM systems, phase noise is partly
suppressed by estimating the local oscillator (LO) offset using
the cyclic prefix or training symbols. In such transmission systems the influence of phase noise must be reduced by using a
small fast Fourier transform (FFT) size and lasers with narrow
linewidths (for instance 128 FFT size and 40-kHz linewidth in
[3]). However, narrow linewidth lasers are in general expensive
and a larger FFT size is preferable in an OFDM system as it reduces the relative overhead of the cyclic prefix.
Recently, we proposed a new method to compensate for laser
phase noise in which a low-power RF-pilot tone is used to revert
the phase noise impairments at the receiver. With this scheme,
transmission of 25.8 Gb/s over 4160 km has been realized [4].
Furthermore, it has been shown that 12.5-Gb/s OFDM can be realized with large FFT size (1024 FFT) using conventional DFB
lasers (5 MHz linewidth) [6]. Compared to the configuration
with ECL lasers (100 kHz linewidth) an OSNR penalty of only
1 dB is observed in this experiment.
In this paper, we elaborate on [4] and discuss in more detail
the transmission experiment of 25.8 Gb/s (20 Gb/s after coding)
CO-OFDM over 4160 km. The paper is structured as follows.
In Section II the most important design aspects of a CO-OFDM
transmission system are discussed. Subsequently, a detailed description of the phase noise compensation scheme is described
in Section III. The experimental setup for the long-haul OFDM
transmission experiment is given in Section IV and the experimental results are discussed in Section V. A brief outlook is presented in Section VI and in Section VII we draw the conclusions.
II. OFDM SYSTEM DESIGN
The basic concept behind OFDM is the division of a high
bitrate data stream into several low bitrate streams by using
block transmission. Fig. 1 shows the block diagram of a typical
OFDM transmitter and receiver. A binary data stream is converted from serial to parallel and after symbol mapping the low
bitrate streams are simultaneously modulated onto orthogonal
carriers. The orthogonality between the carriers is realized by
spacing the carriers with a multiple of the symbol duration (of
the low bitrate streams). A very effective way of generating the
OFDM subcarriers is by taking the IFFT. After the IFFT, cyclic
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Fig. 1. Block diagram of a typical OFDM transmitter and receiver, with
sample frequency offset,
parallel and
.
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prefix and training symbols are added and the signal is fed to
the front end. In the case of fiber-optic OFDM, this is an optical
modulator.
At the receiver, the front end consists of either coherent or
direct detection. Subsequently, training symbols are used for
symbol synchronization and for the compensation of several impairments (discussed in Section II-B). The OFDM signal is then
converted back to the frequency domain by taking the FFT. Finally, the binary data is recovered by demodulating (or demapping) the equalized signal. This demodulation block is the slicer
of the receiver and can either be implemented with soft or hard
decision coding [7].
Numerous system parameters are critical for the design of an
OFDM system. In this section, some of the most important parameters and tradeoffs are discussed. Note that phase noise compensation is required when optical coherent detection is used
at the receiver. In this section, general design aspects are discussed which are valid for both CO-OFDM and DDO-OFDM.
Phase noise compensation for CO-OFDM systems is discussed
in detail in Section III and for simplicity omitted from the block
diagram shown in Fig. 1.
A. FFT Size
Probably the most important parameter of an OFDM system
is the FFT size as it determines the number of subcarriers of
the OFDM system. In complex-valued OFDM systems [3], [4]
the FFT size equals the number of subcarriers, whereas in realvalued OFDM systems [1], [2] the number of generated subcarriers equals half the FFT-size because of the required Hermitian symmetry. The FFT size is normally a power of two
and common values for the FFT size are between 128 [3] and
1024 [2]. Increasing the FFT size reduces the symbol rate and
makes the signal as such less vulnerable to inter-symbol interference (ISI) along the transmission link. A second advantage
of a large FFT size is that it reduces the relative overhead of the
cyclic prefix (further discussed in Section II.C). On the other
hand, the main drawback of a large FFT size is that it increases
the processing complexity at the transmitter and receiver [8].
Furthermore, for systems employing coherent detection at the
receiver, a higher FFT-size results in an increased sensitivity to
laser phase noise [9].
B. Training Symbols
Training symbols are required in an OFDM signal in order
to find the symbol boundaries, e.g., for symbol synchroniza-

cyclic prefix,

TS =

training symbol,

Sync =
:

Symbol Synchronization,

tion. A common training-symbol implementation is by using
two OFDM symbols with the same, known data sequence. As
the two training symbols have the same data, they are highly
correlated and, thus, synchronization can be realized by correlating between subsequent symbols [10], [11]. The training
block is furthermore used to derive the coefficients for the 1-tap
equalizer, which compensates for timing offset and the distortions of the transmission path (for example, chromatic dispersion). These coefficients are found by comparing the received
training symbol with the original one. This technique is commonly referred to as channel estimation and described in detail
in [10] and [11]. By using training symbols also, the sampling
frequency offset (SFO) between the transmitter and the receiver
can be compensated for. This technique is discussed in detail
in [12].
In general, a large training block spacing (i.e., the number
of symbols between each training symbol) is preferable as this
reduces the overhead. However, a large training block spacing
reduces the speed with which the OFDM system can adapt to
fast changes in the fiber-optic network, caused for example by
represents
polarization dependent loss (PDL). When
the number of OFDM training symbols used per training block
the training block spacing, the training overand
can be expressed as
head
(1)

C. Cyclic Prefix
Applying a cyclic prefix (sometimes referred to as cyclic extension or guard interval) is an effective technique to eliminate
virtually all ISI in an OFDM transmission system. The source of
the ISI could for example be chromatic dispersion or polarization mode dispersion (PMD) along the transmission link. Furthermore, a cyclic prefix is needed to compensate for offsets
in the symbol synchronization. A cyclic prefix is realized by
samples of each OFDM symbol and adding
copying the last
them to the beginning of that same symbol. The constant
is
commonly referred to as the guard interval length or guard time
(in samples).
As the cyclic prefix itself contains redundant information, it
introduces overhead into the OFDM system. In order to minimize this overhead, a short guard time is preferable. The main
tradeoff when choosing the guard time is, therefore, between ISI
robustness and net data rate. It has been shown that the minimum
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guard time
required to eliminate all ISI caused by chromatic
dispersion and differential group delay (DGD) can be expressed
as [13]
(2)
where is the optical carrier frequency, is the speed of light,
is the total amount of chromatic dispersion,
is the
is the number of subcarriers, and
maximum budgeted DGD,
is the subcarrier channel spacing. Note that the maximum
DGD can be approximated by about 3.5 times the mean PMD in
equals the OFDM symbol
typical fiber installations and that
length in samples (excluding cyclic prefix). The minimum guard
, can then be written
interval required, expressed in samples
as

Fig. 2. Vector constellation diagram with and without RF-aided phase noise
compensation (overlay of all subcarriers).

III. RF-AIDED PHASE NOISE COMPENSATION SCHEME

(3)
where is the sample frequency of the DAC used to generate
can
the signal. The overhead induced by cyclic prefix
then be expressed as
(4)

D. Data Rate
Both training symbols and cyclic prefix introduce overhead to
the OFDM system. Therefore, in any OFDM system, the useful
data rate for data transmission (net data rate) is lower than the
data rate before coding. The data rate before coding is com. Taking the
monly referred to as the nominal data rate
overhead for cyclic prefix and training symbols into account, the
raw data rate can be expressed as
(5)
In the raw data, the forward error correction (FEC) overhead is
not considered. The data rate after FEC is the net data rate
.
This data rate is referred to as well as the data rate after coding
and can be written as
(6)
where
represents the overhead induced by FEC coding.
As the overhead for FEC code, cyclic prefix and training symbols is dependent on the system configuration, the exact overhead is different for each OFDM system.
In the transmission experiment described in this paper, the
Gb/s. The FFT
data rate before coding is
size is
and the cyclic prefix is
samples
%. Two
per symbol resulting in an overhead of
are inserted every 25 data
training symbols
and thus the overhead caused by
symbols
training symbols is
%. Taking these overheads
Gb/s. With an
into account, the raw data rate is
additional 7% for FEC overhead, the data rate after coding is
Gb/s.

In a coherent transmission system, a relatively high power
local oscillator is mixed with the received signal and the sum is
detected by a photodiode thereby downmixing the received optical signal. Coherent detection can either be used to downmix
an optical signal directly into its baseband (homodyne detection) or to downmix to an intermediate frequency (heterodyne
detection). Although we focus in this work on heterodyne detection, all derived conclusions are valid for homodyne receivers as
well.
The phase noise of the lasers used in a coherent optical system
has a big impact on the performance. Fig. 2 shows a measured
constellation of a 12.9-Gb/s OFDM signal with and without
phase noise compensation. In this figure the rotations of the
constellation and intercarrier interference (ICI) caused by phase
noise can clearly be seen. In several coherent fiber-optic transmission systems carrier phase estimation is performed by using
the 4th order nonlinearity [14], [15]. However, for CO-OFDM
it has been shown that such a data-aided carrier phase estimation results in a poor performance [3]. Phase noise compensation requirements are more stringent in an OFDM system as the
symbol rate (at the same data rate) is significantly lower than
that of conventional fiber-optic systems. It has been shown that
by using scattered OFDM subcarrier pilots a better phase noise
compensation can be realized [3]. Still the linewidth of the lasers
used in this experiment was only limited, i.e., 20 kHz, and furthermore a small FFT size of 128 was used.
We recently proposed RF-pilot aided phase noise compensation for OFDM systems [4]. With this technique phase noise
compensation is realized by placing an RF-pilot tone in the
middle of the OFDM band at the transmitter that is subsequently
used at the receiver to revert phase noise impairments. The basic
idea behind this phase noise compensation scheme is as follows.
When an RF-pilot is inserted at the transmitter, this pilot is distorted by phase noise in exactly the same way as the OFDM
signal. Therefore the pilot can be used at the receiver to revert
any phase distortions from the OFDM signal. Similar techniques
have been reported where an RF-pilot or carrier has been used
for laser stabilization [16] or carrier recovery [17], [18]. The
main benefit of RF-pilot aided phase noise compensation is that
the pilot is placed in the middle of the OFDM signal. Therefore, no extra optical bandwidth needs to be allocated for the
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Fig. 4. BER as a function of the pilot-to-signal ratio (PSR).

Fig. 3. Two possible implementation for downconversion from the IF into the
baseband and phase noise compensation.

RF-pilot. Furthermore, no extra hardware is required at the receiver as the RF-pilot is detected with the same hardware that is
used for the OFDM signal as well.
A straightforward method to insert an RF-pilot in the middle
of the OFDM signal is by setting the first OFDM channel to
0 and inserting a small dc offset (typically 5 mV) in the I and
Q tributaries of the IQ-mixer (In the experimental setup shown
and
). The
in Fig. 5, these offset voltages are
DC offset will be upconverted with the OFDM signal and as a
result a small RF-pilot will be present at the IF frequency. In the
electrical spectrum after upconversion [Fig. 6(d)] the RF-pilot
can clearly be seen.
Fig. 3 shows two possible receiver implementations for IQ
downmixing and phase noise compensation. The implementation used in [4] is shown in Fig. 3(a). In this configuration, the
OFDM signal is first downconverted into the baseband using a
software-based IQ mixer. Subsequently, the phase noise is compensated for by separating the RF-pilot from the OFDM signal
with a LPF, applying a complex conjugation to the RF-pilot and
multiplying this with the OFDM signal. The main advantage of
this approach is that by using an analog RF IQ-mixer, the DAC
can be placed after downconversion. This significantly reduces
the bandwidth requirements of the DAC as the signal is digitalized after downconversion. In Fig. 3(a), the DAC location of the
configuration with the IQ mixer in front of the DAC is marked
with “Possible DAC location.” Note, however, that in the experiments reported in this paper the DAC was placed before the
IQ-downmixer (as shown in Fig. 9) and thus a software based
IQ downmixer was implemented.
Fig. 3(b) shows the phase compensation scheme used in [6]
and [19]. Here the downconversion and phase noise compensation are combined and thus the RF-pilot tone is used to downmix
from the IF into the baseband and for phase noise compensation
at the same time. After the DAC, the RF-Pilot is separated from
the OFDM signal with a BPF and similar to the configuration
shown in Fig. 3(a), the RF-pilot is conjugated and multiplied

with the OFDM signal. Note that the performance of both implementations is the same as long as all operations are performed
in the digital domain.
Both the bandwidth of the electrical filter used to select the
RF-pilot tone and the pilot-to-signal ratio (PSR) have a major influence on the receiver performance of the RF-aided pilot compensation scheme. The PSR is defined as
(7)
where
and
represent the electrical power of the
RF-pilot and the OFDM baseband, respectively. Both the optimum bandwidth of the BPF and the PSR are dependent on the
linewidth of the laser [6]. For the ECL lasers used in this experiment with a typical linewidth of 100 kHz, a BPF with 10 MHz
bandwidth is optimal [19]. Fig. 4 shows the BER as a function
of PSR for a 12.9 Gb/s OFDM system in back-to-back configuration. The received power in this measurement is kept constant
dBm (
dB/0.1 nm) and the PSR is varied
at
from
to
dB. The best BER is obtained for a PSR of
dB.
about
For low PSR, the RF-pilot is too weak and amplified spontaneous emission (ASE) noise reduces the degree with which the
phase noise can be compensated for, whereas for higher PSR
the optical signal-to-noise ratio (OSNR) of the OFDM signal
becomes too low. In the transmission experiment described in
dB is used.
Section IV, the optimal PSR value of
IV. EXPERIMENTAL SETUP
A. OFDM Transmitter
The setup used for the OFDM transmission experiment
is shown in Fig. 5. The 25.8-Gb/s OFDM signal consists of
two subcarrier multiplexed (SCM) OFDM bands that carry
12.9-Gb/s each. Each OFDM baseband signal is generated
by a Tektronix AWG7102 AWG. The waveforms produced
by the AWG have offline been calculated and are outputted
)
continuously. A digital data stream (PRBS of length
is parallelized and mapped into complex constellation points.
In this configuration 4-QAM (QPSK) is used. Subsequently,
the OFDM signal is created by taking the IFFT of the mapped
symbols. A 27 samples (2.7 ns) cyclic prefix per OFDM symbol
is used to increase the tolerance towards synchronization offsets
and ISI due to chromatic dispersion.
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The sampling rate of the AWG is 10 Gsamples/s, resulting in a
bandwidth of 5 GHz. As DACs are used to generate the OFDM
baseband, oversampling is required in order to spectrally separate the baseband from high frequency aliasing products. In
an OFDM system, oversampling can either be implemented by
upsampling the OFDM signal before the DACs or by placing
zeros on a number of subcarriers, i.e., at the input to the IFFT.
These carriers are sometimes referred to as “zero-subcarriers”
or “virtual subcarriers.” For practical reasons, the latter technique is implemented. An FFT size of 256 is used. Taking the
cyclic prefix into account, this results in a subcarrier data rate
of 35.3 MSym/s. Of the 256 channels, 165 are used for data
transmission. Channel 1 of the FFT array is set to zero in order
to enable RF-pilot phase noise compensation (as explained in
Section III) and the last 90 channels of the baseband signal are
set to zero for oversampling. In the complex IFFT, the first half
of the array corresponds to the positive frequencies whereas the
second half corresponds to the negative ones. As illustrated in
Fig. 5, the virtual subcarriers are located in the middle of the
array as these channels correspond to the high frequency subcarriers after the IFFT operation.
Per AWG, two outputs are used, namely one for the real or
in-phase (I) and one for the imaginary or quadrature (Q) part
of the waveform. Both I and Q signals have a bandwidth of
3.2 GHz. Fig. 6(a) shows the electrical spectrum of the I channel
as it is produced by the AWG. Up to 3.2 GHz the OFDM baseband signal can be seen and for 6.8 GHz and higher aliasing
products are present. After the DACs the aliasing products are
removed by low-pass filters (LPF) with 3.5-GHz bandwidth.
Subsequently, an IQ-mixer upconverts the OFDM signal from
the baseband to an intermediate frequency (IF).
Fig. 6(b) shows the electrical spectrum after LPF filtering. Because of the LPF and the frequency characteristic of the AWG,
an intensity difference of about 10 dB is present between the first
and last subcarrier of the OFDM signal. In a system limited by
amplified spontaneous emission (ASE) noise, this intensity difference will result in a different subcarrier-to-noise ratio across
the spectrum. Therefore, a preemphasis is used to equalize the
transmit power of the OFDM subcarriers. The OFDM baseband signal and the signal after IQ mixing with preemphasis
are shown in Fig. 6(c) and (d), respectively. In this paper, the
preemphasis is chosen such that the intensity after the IQ mixer
is equal for all subcarriers [shown in Fig. 6(d)]. Note that after
the IQ mixer, the bandwidth of the signal increases from 3.2 to
6.4 GHz.
The two upconverted 12.9-Gb/s OFDM signals are combined
by using a passive 6-dB power combiner. Fig. 7(a) shows the
measured electrical spectrum of the two SCM multiplexed
OFDM signals. The intermediate frequencies of the SCM
channels are 11.5 and 18.7 GHz. The total bandwidth of the
25.8-Gb/s OFDM signal is 13.6 GHz. After combination of the
two subcarriers, the signal is amplified and fed to the optical
modulator. The electrical driver amplifier is operated just below
saturation where it provides an output power of 17.8 dBm.
A conventional Mach-Zehnder modulator (MZM) is used for
V.
modulation with a bandwidth of 32.6 GHz and
The modulator was biased in its transmission null where the
optical carrier is completely suppressed. Furthermore, this
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bias configuration ensures that the modulator is driven in its
linear field region where the optical field is proportional to the
electrical input voltage [1], [20], [21].
An external cavity laser (ECL) with a typical linewidth of
100 kHz is used as the laser source. Fig. 8(a) shows the optical spectrum after modulation at a 0.01 nm resolution bandwidth. In this spectrum, the residual power of the suppressed
carrier can be seen at 1546.85 nm. Left and right of the suppressed carrier, the modulated OFDM band and its image band
are present, respectively. The image band is generated because
a conventional single-ended MZM is used for modulation [1].
In an OFDM transmission system, the image band reduces the
spectral efficiency and the power efficiency. Therefore, an optical bandpass filter (BPF) is used after modulation to suppress
the upper sideband of the signal. The optical spectrum after the
BPF is shown in Fig. 8(b).
B. Transmission Line
For the transmission experiment a 320-km recirculating loop
was employed consisting of four 80-km standard single mode
fiber (SSMF) spans with an average span loss of 16 dB. The
average dispersion is 18.6 ps/nm/km and the PMD coefficient
of the fiber is 0.07 ps/ km. The transmission line is realized
without optical dispersion compensation and after every span of
SSMF, amplification is provided by a hybrid backward pumped
Raman/erbium-doped fiber amplifier (EDFA) structure with an
dB.
average on/off Raman gain of
C. OFDM Receiver
The heterodyne receiver configuration is shown in Fig. 9.
Heterodyne detection is realized with a local oscillator (LO),
a 3-dB coupler and a balanced detector (3-dB bandwidth
GHz). The typical linewidth of the ECL laser, used as
LO, is 100 kHz. As the polarization of the OFDM signal is
manually aligned with that of the LO at the receiver, no polarization scrambler is used in the recirculating loop. Without this
polarization scrambler the PMD can be artificially increased
or decreased. However, in this experiment modern fibers with
low PMD (0.07 ps/ km) are used. Furthermore, from (2)
it can be concluded that the guard time required to eliminate all ISI caused by PMD equals the maximum DGD. For
4160-km transmission over fibers with a PMD coefficient of
ps. This
0.07 ps/ km this equals
maximum DGD value is negligible compared to the guard time
of 2.7 ns allocated in this OFDM transmission. Therefore, it is
realistic to assume that the influence of PMD is negligible over
the transmission distances measured. Note that without a loop
polarization scrambler, the influence of PDL might be reduced
as well. The influence of PDL on OFDM transmission systems
is not considered in this experiment and remains a topic for
future research.
After heterodyne detection, the signal is sampled with a realtime oscilloscope (Tektronix DPO72004) and processed offline. The sampling frequency is 50 Gsamples/s and the bandwidth of the oscilloscope is 16 GHz with an effective vertical
resolution of approximately 4.5 bits. As the bandwidth of the receiver is lower than the IFs used at the transmitter (TX), the LO
is placed 51 pm higher than the wavelength of the TX laser. As
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Fig. 5. Transmitter and transmission line of the experimental setup.

Fig. 6. Electrical spectra at a 10-MHz resolution bandwidth. (a) AWG output. (b) AWG output after LPF. (c) AWG output after LPF with preemphasis. (d) IQ-mixer
output with preemphasis.

a result, the IFs of the SCM channels are reduced with 6.4 GHz.
The optical spectrum of the OFDM signal combined with the
LO is shown in Fig. 8(c). Note that one OFDM SCM band is not
visible on the spectrum shown in Fig. 8(c) because of the limited spectral resolution bandwidth of the OSA (0.01 nm). The
measured electrical spectrum after balanced detection is shown
in Fig. 7(b). Comparing the transmitted [Fig. 7(a)] and received
[Fig. 7(b)] electrical spectra, the 6.4 GHz difference in IFs is evident. The optical power of the LO and OFDM signal are 8 and
dBm, respectively. After detection with the oscilloscope,
the SCM channels are first separated by a BPF. Subsequently
they are downconverted and the phase noise of the laser is compensated for using the scheme shown in Fig. 3(a).

As described in Section II, symbol synchronization is realized by dedicated training symbols. After synchronization, the
sampling frequency offset is corrected for and the cyclic prefix
is removed from the recovered OFDM symbols. Subsequently,
the OFDM symbols are converted from serial to parallel and the
FFT is applied to convert the signal back into the frequency domain. A one-tap equalizer (1 tap EQ) per subcarrier is used as
channel equalizer. As described in Section II this equalizer compensates for timing offsets and chromatic dispersion. Finally,
the symbols are demodulated and the bit error-ratio (BER) is
computed. For the BERs reported in this paper, more than four
million bits per measurement point have been evaluated.
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Fig. 7. Electrical spectra at a 10-MHz resolution bandwidth. (a) At the transmitter after multiplexing the two 12.9-Gb/s OFDM bands together. (b) After
heterodyne detection with a balanced photodiode.

V. EXPERIMENTAL RESULTS
Fig. 10 shows the back-to-back sensitivity curves for 12.9 and
is obtained for an OSNR of
25.8 Gb/s. A BER of
8.9 dB/0.1 nm and 12 dB/0.1 nm for 12.9 Gb/s and 25.8 Gb/s,
respectively. Both tributaries of the 25.8-Gb/s sensitivity curve
show similar performance and compared to 12.9 Gb/s a 3.1 dB
to 4 dB OSNR penalty is observed. The optical spectrum of
the 25.8-Gb/s signal is exactly twice as broad and, thus, a 3-dB
penalty is expected. In the 25.8-Gb/s configuration additional
electrical filters and amplifiers are required, which most likely
cause the extra OSNR penalty.
In the transmission experiment training blocks are inserted
every 25 OFDM symbols. However, afterwards it has been
verified that the symbol spacing can be increased to 200 OFDM
symbols without a noticeable difference in BER performance.
The BER performance of the 12.9 Gb/s OFDM system with
the training-symbol spacing increased to 200 is shown in gray
in Fig. 10. Note that in the back-to-back measurement with
200 symbol training-symbol spacing 2 million bits per BER
million. With 200 symbol
point are evaluated instead of
training-symbol spacing the BER performance is slightly better
-dB OSNR) than the performance when 25 symbol
(
spacing is used. This small improvement is most probably
caused by a slightly better adjustment of the transmitter. Increasing the training-symbol spacing from 25 to 200 reduces
% to
%. As a
the overhead from
result, the net data rate of the 12.9-Gb/s OFDM system with
200 symbols training-symbol spacing was 10.8 Gb/s instead of
10 Gb/s.
It is known that transmission systems without inline dispersion compensation exhibit a low nonlinear tolerance because
the peak-to-average power ratio (PAPR) is on average higher
along the line [22], [23]. For an OFDM signal with 256 subcarriers, the PAPR is inherently higher by about 6–10 dB in
comparison to conventional modulation formats. Therefore a
low nonlinear tolerance is to be expected for OFDM. Fig. 11
shows the BER as a function of the fiber launch power after
2560-km transmission. The optimum launch power after
dBm. Even
2560-km is obtained at a fiber launch power of

though this optimum launch power is significantly lower than
that for periodically compensated transmission systems (see,
for instance, [24]), it is still higher than the optimum launch
power for OFDM predicted in simulations [25]. A possible
explanation for this difference might be that in our experiment,
the noise factor of the EDFAs increased for low fiber launch
powers. The EDFAs used for the transmission experiment
are designed for output powers of 0 dBm and higher. Fig. 12
shows the measured OSNR after 2560-km transmission and the
effective noise factor of the EDFA/Raman amplifiers, derived
from the measured OSNR. In optimal operating conditions,
the effective noise figure of these amplifiers in combination
with 6 dB Raman amplification is about 5 dB. As the optimum
launch power is well below the optimal operating condition of
the amplifiers, the noise figure of the amplifiers increases for
dBm. The delivered OSNR after
launch powers lower than
2560-km transmission therefore strongly decreases for low
input powers resulting in an offset in the optimum fiber launch
power.
Fig. 13 shows the BER as a function of transmission distance
-dBm launch power). After 4160-km transmission a
(with
is observed, which is just below the exBER of
pected FEC limit of a concatenated Read-Solomon code with
7% redundancy. After 4000-km transmission, a small acceleration in BER degradation is observed. According to (2), a cyclic
prefix of 6.2 ns would be required, in order to compensate for
all ISI caused by chromatic dispersion. As the cyclic prefix used
in this transmission experiment (2.7 ns) is significantly smaller
than this required cyclic prefix, we conjecture that the small acceleration in BER degradation is caused by residual ISI from
chromatic dispersion.
VI. OUTLOOK
Long-haul optical transmission links are evolving more and
more towards dynamically reconfigurable networks. In such networks it becomes more and more important to use modulation
techniques that do not require a complex link design or optimized dispersion map. For such systems OFDM is an effective
technique to eliminate virtually all ISI caused by chromatic dispersion and PMD and therefore an ideal candidate to further
increase the flexibility of these networks. However, all OFDM
transmission experiments reported so far [1]–[4], [19] have been
realized with offline generation and detection of the OFDM
baseband. In order to realize real time generation and detection
of OFDM for high-speed optical transmission, several technical
challenges still remain.
The main challenge in OFDM is probably the DACs and
ADCs that are required at the transmitter and receiver, respectively. For the 25.8-Gb/s implementation discussed in
this paper, DACs with a 3.2-GHz electrical bandwidth and
10-Gsamples/s sampling are used at the transmitter. At the
receiver a 15-GHz bandwidth is required to capture both SCM
multiplexed OFDM bands in the absence of an analog IQ mixer
for downconversion. This requires a minimum ADC sampling
rate of about 30-Gsamples/s. With an analog IQ mixer as downconverter, the ADC bandwidth requirements are reduced to
-Gsamples/s sampling rate. However, the
3.2-GHz with a
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Fig. 8. Optical spectra at 2.5-GHz resolutions bandwith. (a) After modulation. (b) After SSB filtering. (c) At the receiver just before the balanced photodiode.

Fig. 9. Experimental setup of the heterodyne detector and software implementation of the OFDM receiver.

Fig. 10. BER as a function of the OSNR in back-to-back configuration.

receiver complexity increases significantly as more analog components are added to the RF receiver front-end. Furthermore,
to use analog down-mixing for the 25.8-Gb/s implementation
discussed in this paper, two ADCs per subband (a total of
4 ADCs) would have been required to detect the in-phase and
quadrature component of the IQ-mixer independently, instead
of a single ADC without analog downmixing.
A further concern is the vertical resolution of the ADC and
DACs. The question remains what the minimum vertical resolution is required to generate and detected an OFDM signal.
All experiments reported so far have used high precision AWGs
and oscilloscopes for the generation and detection of the OFDM
signal. Additionally, the precision of offline processing is significantly higher than what normally would be realized within a
dedicated hardware implementation.

Fig. 11. BER as a function of the fiber launch power measured after 2560-km
transmission.

Fig. 12. Noise figure of the EDFA/Raman combination and the OSNR after
2560-km transmission as a function of the fiber launch power.
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compensate for laser phase noise in coherent systems is introduced. With this compensation scheme 25.8-Gb/s CO-OFDM
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