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121.9-Gb/s PDM-OFDM Transmission With 2-b/s/Hz
Spectral Efficiency Over 1000 km of SSMF
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Abstract—We discuss optical multi-band orthogonal frequency
division multiplexing (OFDM) and show that by using multiple
parallel OFDM bands, the required bandwidth of the dig-
ital-to-analogue/ analogue-to-digital converters and the required
cyclic prefix can significantly be reduced. With the help of four
OFDM bands and polarization division multiplexing (PDM) we
report continuously detectable transmission of 10 121.9-Gb/s
(112.6-Gb/s without OFDM overhead) at 50-GHz channel spacing
over 1,000-km standard single mode fiber (SSMF) without any
inline dispersion compensation. In this experiment 8 QAM subcar-
rier modulation is used which confines the spectrum of the 121.9
Gb/s PDM-OFDM signal within a 22.8 GHz optical bandwidth.
Moreover, we propose a digital signal processing method to reduce
the matching requirements for the wideband transmitter IQ mixer
structures required for PDM-OFDM.

Index Terms—Chromatic dispersion compensation, fiber-optic
transmission systems, long-haul transmission, orthogonal fre-
quency-division multiplexing (OFDM).

I. INTRODUCTION

O PTICAL networks are currently shifting towards a
data-centric configuration, in which the transport of in-

ternet protocol (IP) traffic is expected to play a more dominant
role. 100 Gigabit Ethernet (100 GbE) is considered to become
the next generation Ethernet standard for IP networks [1].
Consequently, research has recently accelerated into finding
appropriate long-haul Ethernet transport solutions for the phys-
ical layer [2]–[4]. In the short term, multi-wavelength transport
might provide a solution for 100-Gb/s Ethernet, but in the long
run a single-wavelength solution will be the most cost-effective
approach.

Different modulation formats such as on-off keying (OOK)
and differential quadrature phase-shift-keying (DQPSK) have
been proposed for the realization of 100 GbE. On a 100-GHz
grid, 107-Gb/s vestigial sideband (VSB) OOK transmission
has been realized over 510 km [2], 107-Gb/s NRZ-DQPSK

Manuscript received July 15, 2008; revised October 03, 2008. Current version
published February 13, 2009. This work was supported in part by a project of the
National Institute of Information and Communications Technology of Japan.

S. L. Jansen was with KDDI R&D Laboratories, Saitama, 356-8502
Japan. He is now with Nokia Siemens Networks, 81827 Munich (e-mail:
Sander.Jansen@nsn.com).

I. Morita and H. Tanaka are with KDDI R&D Laboratories, Saitama, 3568502
Japan (e-mail: Morita@kddilabs.jp; hide@kddilabs.jp).

T. C. W. Schenk is with Philips Research, Eindhoven, 5656 AE The Nether-
lands (e-mail: Tim.Schenk@philips.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JLT.2008.2007972

over 1,200 km [3], and 100-Gb/s DQPSK-modulated co-
herent-WDM over 1,300 km [4]. However, in these experiments
direct detection is employed, resulting in a limited chromatic
dispersion (CD) and polarization mode dispersion (PMD) toler-
ance. This can be alleviated through optical compensation, but
this is not suitable for cost-sensitive applications. The tolerance
towards these linear impairments can be increased significantly
through the use of coherent detection. In combination with
digital signal processing, coherent receivers can provide a supe-
rior tolerance towards chromatic dispersion and PMD [5], [6].
Recently several high data rate experiments have been reported,
showing a large dispersion and PMD tolerance [7]–[11].

Although all of these experiments employ a coherent re-
ceiver, they can be differentiated into systems that use either
blind channel estimation [7]–[9] or training symbol (TS) based
channel estimation [10], [11]. Typically, systems with blind es-
timation employ few subcarriers (1 to 4) whereas systems using
training symbol have many subcarriers (more than 50). A well
known modulation format that uses blind channel estimation is
polarization-division-multiplexed QPSK (PDM-QPSK). Blind
channel estimation requires a careful design of the channel
estimation algorithm so that the system converges under all
conditions. Especially in links with high CD and PMD this in
not trivial. When training symbols are used, channel estimation
becomes straightforward which has proved to significantly
simplify scaling to higher level modulation formats [10], [12].
However, the main disadvantage of TS-based channel esti-
mation is that the overhead is increased by about 8% for an
optimally designed system [10]. A more detailed comparison
between blind and TS-based channel estimation is reported in
[13]. Note that all systems that employ orthogonal subcarriers
are often referred to as orthogonal frequency division multi-
plexed (OFDM) system, independent of whether blind [9] or
TS-based [10], [11] channel estimation is used.

In this paper, we focus on OFDM as a digital multicarrier
technique using TS-based channel estimation. We elaborate
on [10] and discuss in more detail the transmission experi-
ment of 121.9-Gb/s (112.6-Gb/s without OFDM overhead)
PDM-OFDM over 1,000 km of fiber. Furthermore, we look
into transmitter IQ imbalance compensation and propose an
algorithm to compensate for frequency selective IQ imbalance,
which can significantly relax the requirements (and thereby
cost) of the IQ mixers at the transmitter.

The paper is structured as follows. In Section II the prin-
ciple and implications of multi-band OFDM is explained for 100
GbE PDM-OFDM. Subsequently, the experimental setup and
results of the 121-Gb/s PDM OFDM experiment are described
in Sections III and IV, respectively. Then Section V provides
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Fig. 1. Block diagram of a typical PDM-OFDM transmitter and receiver detailing the baseband processing, with �� � ������ �	
��, 
� � �	������ ������,
����� � ������ �����	���������, ��� � �����
 �	
��
��� ���
�, � � ��	���
� and � � �
	���.

an approach and algorithm for the compensation of frequency
selective IQ imbalance and finally in Section VI we draw the
conclusions.

II. PDM-OFDM TRANSCEIVER DESIGN

In this section we treat different aspects and considerations
for the design and implementation of the PDM-OFDM systems.
First we briefly discuss the baseband generation and detection
of a PDM-OFDM signal. Subsequently, different options for the
optical front end are considered.

A. Baseband PDM-OFDM

Fig. 1 illustrates the block diagram of a PDM-OFDM trans-
mitter and receiver. For simplicity, a perfectly synchronized
system is assumed in this illustration, meaning that the carrier
frequency offset (CFO) [14] and local oscillator phase noise
[15] is compensated for. The notation vectors shown in Fig. 1
consist of two elements, one for each transmitter, defined
for data stream , where the index denotes
the number of the transmitter and denotes the transpose
operation. Note that in the following vectors and matrices are
denoted by bold lower and upper case symbols, respectively.

The binary data stream is converted from serial to parallel
and symbol mapping is applied. Periodically, training symbols
(TS) are then inserted resulting in the complex signal vector
. Subsequently, the signal is modulated onto orthogonal car-

riers by applying the inverse fast Fourier transform (IFFT). After
the IFFT, a cyclic prefix (CP) is added to mitigate impairments
caused by for instance chromatic dispersion or PMD, yielding
the OFDM baseband vector . Windowing is applied to reduce
the out-of-band power of the OFDM signal. When both negative
and positive subcarriers are modulated, is a complex vector,
so that the baseband signal of each transmitter must first be split
into a real and an imaginary part before they are converted to
analogue signals using digital-to-analogue converters (DACs).
The optical front end thus receives two signals per transmitter,
i.e., the real and imaginary part, that are subsequently combined
by an IQ mixer, which in Fig. 1 is part of the optical front end.

At the receiver, the outputs of the optical front end are first
digitized using analogue-to-digital converters (ADCs), yielding
vector . After the ADCs, symbol synchronization is applied
as described in [14], [16], [17]. Both transmitters operate at the
same symbol rate, so the symbol timing needs only to be recov-
ered for one of the transmit streams. After removing the CP, the
OFDM signal is converted back to the frequency domain by ap-
plying the FFT, yielding signal vector . Then the training sym-
bols are removed from the payload and used for channel estima-
tion. Subsequently, MIMO processing per subcarrier is applied
to de-rotate the polarization of the received symbols, yielding
estimated signal vector . Finally, these symbols are demodu-
lated (or demapped) resulting in vector , containing the esti-
mates of the transmitted data. For more details on the MIMO
processing the reader is referred to [6], [18].

B. Optical Front End

One of the main challenges for high speed fiber-optic OFDM
systems is probably the realization of the DACs and ADCs
that are required at the transmitter and receiver, respectively.
In [15] we have shown that the required bandwidth for both
DACs and ADCs can be relaxed by using multiple subcarrier
multiplexed OFDM bands. Multi-band OFDM modulation is a
common technique in wireless applications and in fiber-optic
OFDM transmission systems this concept is often referred to
as subcarrier multiplexing (SCM) [15], [19]. In this section
the advantages and disadvantages of multi-band OFDM will
be discussed and compared with single-band OFDM for a
100-GbE OFDM signal with PDM.

1) Single-Band OFDM: Although 100 GbE has not been
standardized yet, it is foreseen that 7% overhead needs to be al-
located for forward error correction (FEC) and about 4% for the
Ethernet protocol (64 B/66 B coding). This results in a raw data
rate of 111 Gb/s. In an OFDM signal additional overheads are
caused by the cyclic prefix, the training symbols and the pilot
subcarriers for phase noise compensation. Especially for high
data rates it is essential to minimize the OFDM related over-
head as it significantly increases the bandwidth requirements at
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the transmitter and receiver. In [15] we showed that by using an
RF-pilot tone, phase noise compensation can be realized without
pilot subcarriers and as such the total OFDM overhead can be
reduced to about 8% (see [10] or the discussion section in [6]).
All overheads combined (7% FEC, 4% protocol and 8% OFDM
related), the required nominal data rate for a 100 GbE OFDM
system is at least 120 Gb/s. The bandwidth of a PDM-OFDM
signal, denoted as [Hz], can be expressed as

(1)

where is the nominal data rate [b/s], is the con-
stellation size, i.e., the number of data-points per subcarrier per
OFDM symbol, and the factor 2 results from the use of PDM.
The bandwidth of a 120-Gb/s PDM-OFDM signal with QPSK
modulation of the subcarriers is thus 30 GHz. The cyclic prefix
required for the mitigation of chromatic dispersion is dependent
on the bandwidth of the OFDM signal and the desired transmis-
sion distance [15]. A good estimate for the required guard time

is

(2)

where represents the chromatic dispersion of the desired
transmission distance [s/m], is the effective bandwidth
of the modulated OFDM signal as defined in (1), is the
speed of light [m/s] and represents the center frequency
of the OFDM band [Hz]. For a 1000-km link of SSMF with
16-ps/nm/km chromatic dispersion a minimal cyclic-prefix
guard band of ns/OFDM symbol is required in this
configuration. The fast Fourier transform (FFT) of the OFDM
system must now be chosen such that the cyclic prefix and
training symbol overhead do not exceed the initial estimated
8% OFDM overhead allocated in the nominal data rate. As-
suming 6.7% oversampling at the transmitter the sampling rate
of the DAC is 32 GHz. It is now easily shown that an FFT
size of 4096 is needed so that the OFDM symbol duration is

ns excluding cyclic prefix (131.9 ns
including cyclic prefix). With this configuration, the overhead
for cyclic prefix is about 3.5% [15], leaving 4.3% overhead for
training symbols. Oversampling at the transmitter is required to
spectrally separate the aliasing products that are generated by
the DAC from the OFDM signal so that the aliasing products
can be removed with a low-pass filter. The 6.7% oversampling,
as assumed in this example, provides a 1-GHz guard band
between the aliasing products and the OFDM signal which is
more than sufficient for most low-pass filters [15].

Several methods exist to modulate an OFDM signal onto
an optical carrier. For the complex-valued OFDM signals that
are most commonly used in systems with coherent detection
[10], [11] in-phase (I) and quadrature (Q) mixing is required
at the transmitter and at the receiver. This IQ mixing can
either be realized in the electrical [10] or the optical domain
[11].

A possible transmitter implementation for the electrical and
optical IQ mixer are illustrated in Fig. 2. Note that the generation
of only one polarization of the PDM signal is shown throughout

Fig. 2. Single band OFDM transmitters, based on an (a) electrical IQ
mixer (b) optical IQ mixer.

this section. At the transmitter the OFDM signal is generated in
the digital domain and the real and imaginary part of the OFDM
signal are converted to the analogue domain by two DACs. In
order to suppress aliasing components at the output of a DAC
or the input of an ADC, a LPF is required. Because these LPF
filters are used for every DAC or ADC, they are for simplicity not
shown in the transmitter and receiver configurations discussed
in this section. After the LPFs, the signal is fed to the IQ
multiplexer. When an electrical IQ mixer is used the signal is
upconverted to an intermediate frequency, which is typically
slightly higher than half of the bandwidth of the OFDM signal.
A conventional single-ended MZM (Mach-Zehnder modulator)
is then used for the modulation of the OFDM signal onto
the optical carrier. Apart from the modulated OFDM signal,
this modulator creates an image band as well, mirrored with
respect to the carrier frequency ( ). A BPF [15] or interleaver
[6] must therefore be used to remove the imageband after
modulation. An elegant method to avoid the generation of
the image band is by using an optical IQ mixer. A common
implementation of an optical IQ mixer/modulator is a complex
Mach–Zehnder modulator (CMZM), with two parallel MZMs
within a super Mach–Zehnder structure. In order to realize the
IQ mixing, the relative phase shift between the two parallel
modulators is . With such an optical IQ mixer, the OFDM
signal is directly modulated onto the optical signal without
imageband and thus no optical filtering is required at the
transmitter.

Similar to the transmitter, the receiver can be realized with
either electrical [Fig. 3(a)] or optical IQ mixing [Fig. 3(b)]. In
the receiver configuration with an electrical IQ mixer the LO
is placed next to the OFDM signal so that after coherent detec-
tion with a 180 degrees optical hybrid an intermediate frequency
is present in the detected OFDM signal. This receiver configu-
ration is commonly referred to as a superheterodyne or hetero-
dyne receiver. With the 180 degrees optical hybrid only one side
of the LO spectrum is detected and as such an optical BPF is
required at the input of this detector to suppress image noise.
The output of the hybrid is detected with a photodiode and the
signal is then downconverted into the baseband by an electrical
IQ mixer and converted to the digital domain with two ADCs.
Alternatively, an optical IQ mixer can be used to directly down-
convert the OFDM signal into the baseband. In the fiber-optic
community this detection method is commonly referred to as
homodyne or intradyne detection, in the wireless community
this method is also known as direct downconversion. The LO is
for this method placed in the middle of the OFDM signal and
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Fig. 3. Single-band OFDM receivers, based on an (a) electrical IQ mixer and
(b) optical IQ mixer.

a 90 degrees optical hybrid is used as optical IQ mixer. The 90
degrees hybrid outputs the real and imaginary part of the down-
converted signal that are subsequently detected by two photodi-
odes and converted into the digital domain with two ADCs.

Under ideal conditions, the performance of the two trans-
mitter and receiver structures is the same and any combination
of transmitter and receiver structure can be used. Note that in
Fig. 3, the receivers are shown with single ended photodiodes.
Alternatively balanced photodiodes could be used to cancel un-
wanted mixing products of the subcarriers end of neighboring
WDM channels. However, under optimal operating conditions
these unwanted mixing products are small and thus no signif-
icant performance increase can be obtained by using balanced
photodiodes.

In the configuration shown in Fig. 2(a) the OFDM signal is
upconverted to an intermediate frequency before modulation,
which increases the bandwidth requirements of the optical
modulator by about a factor of two. However, for the 120-Gb/s
PDM-OFDM signal, the required electrical bandwidth for the
single ended MZM would be approximately 30 to 40 GHz,
which is currently commercially available. The bandwidth
requirements of the modulator and detector configurations for
the DAC and ADC requirements are exactly the same. For
the 120-Gb/s PDM-OFDM signal, discussed in the previous
section, the DACs and ADCs require 15 GHz of bandwidth
with a sampling rate of at least 32 GHz (Assuming 6.7%
oversampling).

2) Multi-Band OFDM: Fig. 4 shows the spectrum of a
multi-band 100 GbE PDM-OFDM signal. In this particular
example four individual bands are used with QPSK modulation
per subcarrier. For a fair comparison with the single-band
OFDM system the same number of modulated subcarriers is
used, resulting in an FFT-size of 1024 per OFDM band. As a
consequence of this configuration, the overhead with respect to
training symbols is identical to that of the single-band OFDM
system. The PDM-OFDM signal consists in this case of four
OFDM bands that are each 7.5-GHz wide. The reduction of
the width of the OFDM bands has some implications on the
configuration and the performance of the system. According
to (2), the minimum required guard time in this case is about
1 ns/OFDM symbol instead of the 3.9 ns/OFDM symbol
required for the single band configuration. This results in a
reduction of the cyclic prefix overhead with a factor of four
to less than 1%. Another consequence of reducing the OFDM
band is that the guard band between the aliasing products and

Fig. 4. Simulated optical spectra of 120-Gb/s PDM-OFDM with (a) four
OFDM bands and (b) a single OFDM band.

the OFDM signal becomes smaller for the same oversampling
rate. In order to maintain the 1-GHz oversampling guard
band, the oversampling ratio must be increased to 26.7%. This
increase in oversampling increases the OFDM symbol rate
as well. As a result, the symbol length is slightly reduced to

ns excluding cyclic prefix and 109 ns
including cyclic prefix.

The change in FFT-size of 4096 to 4 1024 has some im-
plications on the DSP complexity of the system as well. This
complexity is often expressed in the number of complex mul-
tiplications per second. For an -point FFT,
complex multiplications are required [20]. In the multi-band
OFDM configuration four FFTs of 1024 each must be taken per
OFDM symbol at transmitter and receiver, resulting in 40,960
computations per OFDM symbol per polarization. This corre-
sponds to complex multiplications per second. In the
single-band OFDM case one 4096 FFT at both TX and RX is
performed per OFDM symbol resulting in 49,152 complex mul-
tiplications, which corresponds to complex multipli-
cations per second. Thus, by splitting the single-band OFDM
signal into individually modulated OFDM bands, the computa-
tional complexity remains practically the same. Apart from the
FFT processing, there is also little difference between the digital
signal processing complexity of single and multi-band OFDM
in the rest of the system (channel estimation, mapping, etc) be-
cause the total number of modulated subcarriers is the same.

In principle multi-band OFDM can be generated in the digital
domain. Modulation and detection can then be realized the same
way as single band OFDM (e.g., Figs. 2 and 3). This is a very
straightforward approach that requires the least discrete compo-
nents for its realization. However, it requires the same electrical
bandwidth of the DACs and ADCs as in single band modulation.
Furthermore, additional complex multiplications are required to
downconvert all OFDM bands in the electrical domain, making
the difference in complexity compared to single band OFDM
almost zero. By generating and detecting the OFDM bands in-
dependently, the DAC requirements for multi-band OFDM can
significantly be relaxed. In this case the multiplexing and demul-
tiplexing of the OFDM bands is realized in the analogue domain.

Three transmitter configurations for combining four OFDM
bands in the analogue domain are shown in Fig. 5. When IQ
mixing is realized with electrical mixers only at the transmitter,
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Fig. 5. Multi-band OFDM transmitters, based on (a) electrical IQ mixers, (b) hybrid electrical and optical IQ mixers, and (c) optical IQ mixers.

four IQ-mixers are used at four different intermediate frequen-
cies. Subsequently these four OFDM bands are combined and a
conventional single-ended MZM is used for modulation. Sim-
ilar to the single-band modulator structure with an electrical IQ
mixer, an optical filter is used after modulation to remove the
imageband that is created by the single-ended MZM.

The number of intermediate frequencies can be reduced by
a factor of two by using a CMZM instead of a conventional
single-ended MZM. In this case, two times two bands are mul-
tiplexed in the electrical domain with 90 degrees difference in
phase for orthogonality. Then these bands are combined with a
4-port 90-degrees directive coupler [21] (basically applying the
Hilbert transform) and modulated onto an optical carrier with
a CMZM. The four OFDM bands can in this configuration be
created by IQ-multiplexing in both the electrical and the op-
tical domain. First the four OFDM basebands are upconverted to
two different intermediate frequencies. Subsequently, these two
OFDM bands are once again IQ modulated with an optical IQ
mixer. As no image band is generated with the optical IQ mixer
no BPF is needed at the output. Another advantage of this tech-
nique is that only half the intermediate frequencies are required

which lowers the required modulator bandwidth by a factor of
two. The main disadvantage of the hybrid electrical and optical
IQ mixer approach is that for each OFDM band two IQ mixers
are used, namely one to upconvert the baseband onto an IF and
one to modulate the optical carrier. As such, this setup is im-
paired by two sorts of implementation imperfections concerning
the IQ matching: The conventional IQ mismatch between the
real and imaginary part of the baseband transceiver, i.e., the IQ
imbalance induced by the electrical IQ mixer, and that of the
CMZM, i.e., the optical IQ mixer.

Finally one can realize the IQ mixing completely in the op-
tical domain. In this case each OFDM band is modulated onto
an optical carrier with an optical IQ-mixer individually. The op-
tical carriers are generated by multi-carrier modulating a CW
laser and splitting the subcarriers with an optical filter [22]. Re-
cently an integrated modulator has been reported that would be
capably of modulating two individual OFDM bands [9].

Three receiver configurations for demultiplexing a four-band
OFDM signal in the analogue domain are illustrated in Fig. 6,
providing the reverse operation of the transmitter structures in
Fig. 5. The configurations shown in Fig. 6(a) and (b) are basi-
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Fig. 6. Multi-band OFDM receivers, based on (a) electrical IQ mixers, (b) hybrid electrical and optical IQ mixers, and (c) optical IQ mixers.

cally the multi-channel approaches of the single carrier receivers
shown in Fig. 3(a) and (b), respectively. Here the optical hybrid
is used to down convert all the OFDM bands at the same time
with one 180 or 90 degrees hybrid. Subsequently, the interme-
diate frequency (IF) signal is further downconverted by the elec-
trical IQ mixers or balanced mixers for the configuration shown
in Fig. 6(a) and (b), respectively. Note that similar to the single
band coherent receivers an optical BPF is required at the input
of the 180 degrees hybrid in order to suppress image noise.

Fig. 6(c) shows a per-band receiver based on optical IQ
mixers only. Basically this receiver consists of a 90 hybrid
receiver per OFDM band. For each of these receivers a LO is
required. A possibility for providing the LO would be to use
an individual laser per OFDM band. A more practical approach
might be to use a multi-carrier modulator similar as that of the
transmitter to create the LO wavelengths for all bands with
one single laser. This not only reduces the cost and power
consumption, the received OFDM bands now have the same
phase noise as well as they are produced by the same laser,
which enables the use of one single phase noise compensation
scheme for all OFDM bands.

Compared to single-band OFDM, the DAC/ADC require-
ments of multi-band are reduced by the number of bands used.
In the case of 120-Gb/s PDM-OFDM with four OFDM bands,
the bandwidth of each OFDM band is 7.5 GHz instead of 30
GHz. As a result, the required DAC/ADC bandwidth is only
3.75 GHz with a sampling rate of at least 9 GHz. The downside
is that for all configurations that use analogue OFDM-band
mixing two DAC-ADC pairs are required for each OFDM
band, resulting in a total of sixteen pairs for the generation and
detection of the 100 GbE PDM-OFDM signal (8 pairs per po-

larization). It can thus be concluded that the use of multi-band
OFDM greatly simplifies the complexity in the digital domain,
but at the cost of an increased complexity in the analogue
domain. A potential method to reduce the cost of multi-band
OFDM is by applying electric and or photonic integration [23].

Note that in the multi-band spectrum shown in Fig. 4 a small
guard band is present between the OFDM bands. This guard
band can be eliminated by using a coherent source for the
OFDM bands [11], [22] and subsequently setting the interme-
diate frequency between the OFDM bands to exactly a multiple
of the symbol rate. Furthermore, the symbol rate and phase of
the individual OFDM bands must be precisely synchronized.
Coherent modulation of the OFDM bands makes most sense
for systems with a low number of subcarriers (100 and less) as
for these systems the out of band crosstalk is the largest [11],
[22]. For OFDM systems with a high number of subcarriers,
the out of band crosstalk is that low that the OFDM bands can
be packed tightly together [10] so that coherent modulation
would make little difference and would unnecessarily increase
system complexity.

III. EXPERIMENTAL SETUP

In this section we show the principle of multi-band OFDM
using the multiplexing scheme with electrical IQ mixers as
shown in Fig. 5(a). At the receiver, a broadband 90 hybrid is
used as shown in Fig. 3(b). After coherent detection, the indi-
vidual OFDM bands are downconverted in the digital domain,
resulting effectively in the receiver configuration shown in
Fig. 6(b) with ideal IQ mixers.

The experimental configuration for the 100 GbE multi-band
PDM-OFDM setup is shown in Fig. 7. In this experiment,
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Fig. 7. Experimental setup, with �� � �����	
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Tektronix AWG7102 arbitrary waveform generators (AWG)
are used at a sampling rate of 10 GSamples/s to emulate the
generation of the OFDM basebands. The baseband waveforms
that are produced by the AWGs have been calculated offline and
are outputted continuously. The OFDM signal consists of two
polarization-multiplexed signals with four multi-band OFDM
bands each. The 121.9-Gb/s signal has therefore a total of eight
15.2-Gb/s tributaries. In order to create this multi-band signal,
the two OFDM baseband signals are upconverted to four IFs,
present at 8.7 GHz, 14.4 GHz, 20.4 GHz and 26.1 GHz. Inset
2 of Fig. 7 illustrates the electrical OFDM channel allocation
after upconversion. As only two AWGs were available care was
taken in this setup that neighboring OFDM bands are generated
by different AWGs for decorrelation, Therefore, AWG 1 is used
for the first (8.7 GHz) and third OFDM (20.4 GHz) bands and
AWG 2 for the second (14.4 GHz) and fourth (26.1 GHz).

The FFT size is 1024, from which 520 subcarriers are
effectively used for the transport of data. As discussed in
Section II-B2, the minimal required cyclic prefix for this con-
figuration in a 1000-km link is about 1 ns. In this experiment a
larger cyclic prefix of 22 samples (2.2 ns) per OFDM symbol
was chosen to relax the synchronization requirements at the
receiver after transmission. Together with the cyclic prefix,
the OFDM symbol length is 104.6 ns and the OFDM symbol
rate 9.6 MHz. This symbol length is slightly shorter than that
discussed in Section II-B2, namely 104.6 ns instead of 109 ns,
because the oversampling used was slightly higher. A non-rect-
angular 8-QAM constellation is used for symbol mapping,
which provides the maximum symbol distance and conse-
quently the best bit-error rate (BER) versus signal-to-noise
ratio (SNR) performance [24], [25]. For some specific subcar-
riers, the electrical SNR was not sufficient to support 8-QAM
modulation. The SNR at these subcarriers are impaired by for
instance side-modes of the local oscillator laser or frequency
selective IQ imbalance of the electrical IQ-mixers. Therefore,
5% extra OFDM channels had to be allocated at the transmitter
which are omitted at the receiver. In a practical system one
could signal this back to the transmitter and transmit the data
on these subcarriers using a lower constellation size, such as
QPSK or BPSK, and only the carriers with the worst SNR
empty. This is known as adaptive modulation and is used exten-
sively in radio and cable communications [30], e.g., in WiMax

and DSL. Such an adaptive modulation technique would allow
for an increased data rate. However, in this experiment this
was not possible as each AWG was driving two IQ mixers
at different intermediate frequencies. More details about the
OFDM baseband generation and IQ-mixing can be found in
[15]. For this WDM experiment, 10 external cavity lasers
(ECLs) with an approximate linewidth of 100 kHz are aligned
on a 50-GHz ITU grid between 1553.7 nm and 1557.4 nm.
Two parallel Mach–Zehnder modulators are used in this setup
for separate modulation of the even and odd channels. The
optical modulators are single-ended Mach–Zehnder modulators
designed for analog applications (Avanex AM-40). In order
to suppress the carrier of the OFDM signal the modulator is
biased in its minimum. After modulation, the even and odd
WDM channels are combined using a 50 GHz interleaver. As
described in [6] the interleaver is aligned such that the image
band of the OFDM signal is rejected. Polarization multiplexing
is emulated by splitting the signal with a 3-dB coupler and
combining it with a polarization beam combiner. As shown in
inset 1 of Fig. 7, one arm is delayed by exactly one OFDM
symbol (104.6 ns) for decorrelation. The bit rate before coding
is 121.9 Gb/s, from which 6% is used for training symbols
and 2.15% for the cyclic prefix. Before FEC this results in a
data rate of 112.6 Gb/s allowing transport of Ethernet frames
with 7% FEC and up to 4% protocol overhead. Fig. 3(a) shows
the optical spectrum of the 121.9-Gb/s OFDM signal, which
clearly indicates the well defined optical spectrum with a 22.8
GHz bandwidth.

The re-circulating loop consists of 4 spans of 82-km SSMF
without optical dispersion compensation. After every span,
amplification is provided by a Raman/EDFA structure with
an average on/off Raman gain of dB. A dynamic gain
equalizer (DGE) is used for power equalization and a loop-syn-
chronous polarization scrambler (LSPS) is employed to reduce
loop-induced polarization effects. After transmission, 25 km
of SSMF is inserted, resulting in a total transmission distance
of 1,009 km. At the receiver, the signal is split in two random
polarizations and is detected with a polarization-diverse 90
degrees optical hybrid. An ECL with kHz linewidth is
used as free running local oscillator (LO) and four single-ended
20-GHz Pin/TIA modules (Discovery DSC-R401HG) are used
for detection. A real-time digital storage oscilloscope (Tek-
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Fig. 8. (a) Measured optical spectrum of the 121.9-Gb/s PDM OFDM (100-MHz res bw). (b) Calculated electrical spectrum after coherent detection (20-MHz
res bw). (c) Scatterplot of the 1st OFDM band of the 121.9-Gb/s PDM OFDM signal (all subcarriers).

Fig. 9. (a) B2B sensitivity. (b) Power excursion after 680-km transmission. (c) BER after 1000-km transmission.

tronix DPO72004) is used to sample the four outputs of the
optical hybrid. The bandwidth of the oscilloscope is 16 GHz,
the sampling frequency is 50 GHz and the effective number
of bits is approximately 5.5 bits. After detection, the data is
post-processed off-line. Fig. 8(b) shows the computed electrical
spectrum after coherent detection. The LO is located in the
middle of the OFDM signal, in between the second and third
OFDM bands.

Training symbols are periodically inserted into the OFDM
signal, so that polarization de-rotation at the receiver can be re-
alized through MIMO processing. The processing algorithm is
described in detail in [6]. In order to distinguish between the
training symbols of the PDM tributaries the training symbols
should be received one after the other. The delay of the PDM
emulator is exactly one OFDM symbol, thus training is realized
in this experiment by inserting an empty OFDM symbol before
and after the training symbol (see inset 1 of Fig. 7). Because of
the empty OFDM symbol that is inserted for every training pe-
riod, the training period consists in the experiment of three sym-
bols instead of two. As a result, the overhead caused by training
symbols can be reduced from 6% by 4% when the two polariza-
tions are modulated independently (see for instance [6]) instead
of the PDM emulator that is used in this experiment.

In order to compensate for the phase noise of the local oscil-
lator, RF-aided phase noise compensation is implemented (for
the implementation, see [15]). In order to mitigate the influence
of amplified spontaneous emission (ASE) noise on the channel
estimation, a moving average over 12 training symbols was used
for MIMO processing at the receiver. For all reported BER re-
sults five sets with each 2.4 million bits have been evaluated,
each set with different polarization state settings in the LSPS.

IV. EXPERIMENTAL RESULTS

Fig. 9(a) shows the measured back-to-back sensitivities
for 60.9 Gb/s (single polarization) and 121.9 Gb/s (PDM).
Additionally, the simulated sensitivity for 121.9 Gb/s is shown
as well. The required optical signal-to-noise ratio (OSNR) for
a BER of 1 is 14 dB/0.1 nm and 17.8 dB/0.1 nm for
60.9 Gb/s and 121.9 Gb/s, respectively. Apart from the 3-dB
expected penalty, a 0.8-dB excess penalty is observed for PDM.
This penalty is most likely caused by a less effective phase
noise compensation scheme. Because of the one symbol delay
in the PDM emulator at the transmitter, there is a 105-ns delay
between the RF-pilot tones of the two polarizations. At the
receiver, the sum of these RF-pilot tones is used for phase noise
compensation and thus the delay between the polarizations
reduces the effectiveness of the phase noise compensation
scheme. We note that this penalty only applies for our emulated
PDM setup and that in a convention PDM setup with a mod-
ulator per polarization such a penalty has not been observed
[6]. Compared to the simulated sensitivity of 121.9 Gb/s, a
penalty of about 2 dB at a BER of 1 is present. For
lower BER values an increase in performance penalty between
the simulated and experimental curve is observed. This penalty
increase is most likely caused by the fact that at lower BER
values the residual carrier frequency offset and phase noise
after compensation start influencing the system performance
[18]. Additionally, the performance of the fourth OFDM band
is limited by nonlinearities of the amplifiers and frequency
mixer. As a result, a BER floor is observed for this OFDM
band, limiting the BER of the 121.9-Gb/s configuration to
about 5 .
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The fiber launch power optimization for channel 3 (located
at 1554.5 nm) after 680-km transmission is shown in Fig. 9(b).
The BER performance shows little variation over a wide
launch power range (from dBm to dBm). At higher
fiber launch powers a steep increase in BER is observed due
to the influence of nonlinearities. For a similar PDM-OFDM
transmission experiment on the same fiber type it has been
observed in [6] that even at a 50-GHz channel spacing, SPM is
dominant over inter-channel nonlinear impairments (XPM and
FWM). The nonlinear tolerance could be increased by reducing
the constellation size to QPSK, however, this would require a
larger electrical bandwidth (which was not available for this
experiment). Fig. 9(c) shows the performance of the 10 WDM
channels after 1.000-km transmission (with dBm channel
launch power). The average OSNR after transmission is

dB and the average BER per channel varies between
3.9 and 1.3 . Compared to the back-to-back
performance, a BER penalty of about one decade is observed
after transmission due to residual nonlinear impairments. The
channels on the red side of the spectrum slightly outperform
the other channels as the noise figure of the EDFA/Raman
amplifiers is slightly lower for these wavelengths, which results
in a dB higher OSNR. The obtained BER values are
well below the threshold of a concatenated FEC code with 7%
overhead (2.3 ).

V. IQ IMBALANCE COMPENSATION

The transmitter and receiver of the 121.9-Gb/s PDM OFDM
setup, described in this manuscript are realized with discrete
components. In this setup, the matching of the I and Q ports
of the IQ mixers showed to be a key parameter in the design of
the transmitter. Because of the AWG and lowpass filters used
before the IQ-mixers, a frequency selective behavior in this IQ
imbalance is observed for all four OFDM bands. In this setup
electrical delay lines were used for each IQ mixer to minimize
the average time delay between the I and Q channel and the fre-
quency selective IQ imbalance was minimized by using high
quality lowpass filters. A more cost-effective approach would
be to compensate for the IQ imbalance in the digital domain
at the receiver. Such compensation techniques are receiving an
increased interest for wideband wireless systems, as it signifi-
cantly reduces the requirements of the IQ mixers and thereby
the system complexity and cost. Typically the bandwidth of the
OFDM signals in wireless applications is relatively small (typi-
cally below 50 MHz) and consequently for these systems the IQ
imbalance is usually constant over the whole OFDM band. It is
thus not surprising that most proposed IQ imbalance compen-
sation schemes in wireless applications do not take frequency
selective IQ imbalance into account (see for instance [26] and
[27]). As the data rate of fiber-optic OFDM systems is signif-
icantly higher than that used in wireless systems the OFDM
bands are larger and more susceptible to frequency selective IQ
imbalance.

Some algorithms have been proposed for the suppression of
frequency selective IQ imbalance influence in the receiver. In
[31] an adaptive filter based approach is proposed for the com-
pensation of imbalance between the low-pass filters in the re-
ceiver. Moreover, an (offline) calibration-based compensation

solution for frequency selective receiver IQ imbalance is treated
in [28]. In contrast, for the setup considered in this work, it was
found that the dominant source of IQ imbalance is in the trans-
mitter. It is therefore noted that calibration based compensation
of transmitter induced frequency selective IQ imbalance is sig-
nificantly harder than for receiver IQ imbalance. This would
typically require an additional and perfectly matched calibra-
tion receiver to be added to the transmitter, to allow for accu-
rate compensation. Therefore, we propose to compensate for
the influence of the transmitter IQ mismatch in the receiver of
the communication system, since it does not require additional
hardware.

In this section we expand on the TX frequency independent
IQ imbalance compensation algorithm proposed in [18] and
show how to realize the TX frequency selective IQ imbalance
compensation in the receiver by employing a specifically de-
signed set of training symbols. This approach is selected above
an adaptive filter based approach, since it achieves convergence
much faster.

The PDM-OFDM system illustrated in Fig. 1 can effectively
be described as a 2 2 MIMO system. For a system without IQ
imbalance the signal model for the received th subcarrier can
be written as

(3)

where and .
The receiver noise vector and channel matrix for the th subcar-
rier are denoted by and

(4)

respectively. An estimate of the transmitted signal vector can
subsequently be found using MIMO processing. Different al-
gorithms have been proposed for this in literature for MIMO
wireless communications, see e.g., [29] for an overview. Here
we focus on the most straight-forward MIMO processing know
as zero-forcing (ZF) processing. The ZF detection yields

(5)

where denotes the pseudo-inverse operation, defined for a ma-
trix as . Here and denote the con-
jugate transpose and matrix inverse, respectively.

Subsequently, we consider a system which is impaired by fre-
quency selective IQ imbalance at the transmitter, due to imper-
fect matching between the I and Q branch. The resulting base-
band equivalent time-domain transmit signal can be written as

(6)

where and denote the impulse responses of the I and Q
branch, and denote the real and imaginary
part of , denotes convolution and denotes the com-
plex conjugate of .

In the frequency domain this results in

(7)
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where and are 2 2 diagonal matrices, which are
the frequency response for both polarization channels of the I
and Q branch, respectively. Carriers left and right from the DC
carrier are assigned a negative and positive carrier index, respec-
tively. Hence, carrier and have the same distance from the
DC carrier and are consequently often referred to as mirror car-
riers. We can observe from (7) that the IQ mismatch results in a
leakage of the signal component of carrier into that of car-
rier and vice versa. Note that when there is perfect matching
between the I and Q branch, i.e., , the second
term in (7) reduces to 0 and there is no leakage.

The above yields the following expression for the received
signal for the th subcarrier:

(8)

Note that for simplicity we omitted the influence of noise in this
expression.

When we now combine the signal model for carrier and ,
we get the 4 1 vector given by

(9)

Using (9), we can rewrite the PDM-OFDM system model in (3)
as

(10)

for a system with frequency selective transmitter IQ imbalance,
where the 4 1 vector is constructed similarly as

.
Note from (9) that the original 2 2 MIMO problem for

PDM-FDM in (3) is converted into a 4 4 MIMO problem due
to the transmitter IQ imbalance. Consequently, when we de-
rive an estimate of the new 4 4 MIMO channel matrix, i.e.,

, we can find back the transmitted signal by applying
joint ZF processing for carrier and . This will then yield

(11)

From (11) we can conclude that we can then successfully re-
move the influence of the IQ imbalance.

The estimation of is performed in a similar way
as the estimation of in the experiment presented in
Section III. In the experiment time multiplexed (orthogonal)

training symbols were used, see Fig. 7, to allow estimation of
the channel parameters for both polarization channels. A sim-
ilar approach could be applied for the estimation of ,
i.e., applying four time multiplexed training symbols, to allow
for subsequent estimation of the channel elements for all com-
binations of the pair of mirror carriers ( and ) and the two
polarizations.

It is more power efficient, however, to apply training sym-
bols that occupy all timeslots. That is why these are considered
here. Like the time multiplexed approach, these training sym-
bols should exhibit orthogonality for the mirror carriers and the
two polarizations. We propose to use a structure consisting of 4
consecutive OFDM symbols, for which the signals on subcar-
riers and are defined by the 4 4 matrix

(12)

where denotes the 4 1 the trainings vector during the first
symbol period. We propose to use the Walsh-Hadamard matrix
to construct , which provides the required orthogonality and
additionally has the advantage that all symbols have unit power.
It is given by

(13)

where the sign can be chosen such to minimize the overall crest
factor of the training symbols. When we omit the influence of
noise, the received signal corresponding to these training signals
is given by the 4 4 matrix

(14)

Then the least squares (LS) estimate of the 4 4 MIMO channel
matrix is found by multiplying the received signal in
(14) with the inverse of the trainings matrix in (13), yielding

(15)

where the last equality is due to the orthogonality between the
rows of .

The estimate of the transmitted signal can now be found using
(11), when is replaced by its LS estimate as defined
in (15). This corrects simultaneously for the PDM and the fre-
quency dependent TX imbalance, allowing for lower cost IQ
mixers.

To demonstrate the effectiveness of the proposed compen-
sation approach, we simulate the constellation diagram of a
16-QAM OFDM signal with and without frequency selective
IQ imbalance. The phase and amplitude response of the IQ
imbalance that is imposed at the transmitter is shown in Fig. 10.
These are defined as the phase and amplitude of

(16)
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Fig. 10. Amplitude and phase response as a function of frequency for the sim-
ulated IQ imbalance.

Fig. 11. Constellation diagram (overlay of all subcarriers) of a 16-QAM
OFDM signal (a) without IQ imbalance compensation and (b) with IQ imbal-
ance compensation.

respectively.
The amplitude imbalance varies between 0.5 and 1.3 and

the phase imbalance between and 4.6 . Fig. 11 shows
the constellation diagram of one polarization with and without
IQ compensation. It can be seen that practically all IQ imbalance
is compensated for.

Note that even though the influence of the mismatch in (9)
was only derived for transmitter IQ imbalance, it can easily be
extended to include the influence of receiver IQ imbalance as
well. This will result in the same expression as in (10). Conse-
quently, the compensation approach designed in this paper can
be applied to compensate for both transmitter and receiver IQ
imbalance.

VI. CONCLUSION

In this paper, we show that by using multiple parallel OFDM
bands in an optical orthogonal frequency multiplexed (OFDM)
system, the required bandwidth of the digital-to-analogue/ana-
logue-to-digital converters and the required cyclic prefix can
significantly be reduced. Using four OFDM bands, WDM trans-
mission of 10 121.9-Gb/s polarization-division multiplexed
OFDM is demonstrated at 2-b/s/Hz spectral efficiency. Trans-
mission over 1,000 km of SSMF was achieved without any in-
line chromatic dispersion compensation.

Moreover, a digital signal processing method was proposed to
reduce the matching requirements for the wideband transmitter
IQ mixer structures required for PDM-OFDM. The use of IQ
imbalance compensation significantly relaxes the requirements
at transmitter and receiver, allowing for lower cost IQ mixers.
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