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Abstract—Polarization-mode dispersion (PMD) can cause frequency-selective fading in direct-detection optical orthogonal frequency division multiplexing (DDO-OFDM) systems. In this paper,
we examine the effects of this fading. We begin with an analysis
of the frequency-selective fading caused by first-order PMD. We
then estimate the impact of PMD in single-receiver DDO-OFDM
using all-order simulations to generate outage probabilities as a
function of signal-to-noise ratio (SNR) penalty. The performances
of three single-receiver DDO-OFDM formats are compared and a
new format that minimizes the frequency difference between the
carrier and sideband is found to be more tolerant to PMD. We then
introduce a DDO-OFM system that includes polarization diversity
and carrier boost in the receiver. The effects of various configurations are simulated and the results suggest that a data rate of
42.7 Gb/s can be achieved within an optical bandwidth of 40 GHz,
and with negligible PMD penalties.
Index Terms—Chromatic dispersion, compensation, orthogonal
frequency division multiplexing (OFDM), polarization-mode dispersion (PMD).

I. INTRODUCTION
OLARIZATION-MODE DISPERSION (PMD) is a
major barrier to increasing data rates in conventional
high-speed long-haul optical communications. With channel
rates of 40 Gb/s and higher proposed for next generation optical
systems, the mean PMD in many installed links will become a
significant fraction of the transmitted symbol period, and intersymbol interference will lead to significant signal degradation.
Adaptive compensation schemes have been proposed [1]–[4],
but for serial binary formats, the high symbol rates limit the
performance that can be achieved [5], [6] or require complex
receiver structures [7].
Optical orthogonal frequency division multiplexing (OFDM)
has been proposed as an alternative modulation scheme [8], [9].
Some forms of optical OFDM can adaptively compensate for
channel impairments such as chromatic dispersion and PMD,
without prior knowledge of the channel characteristics. This is
a significant advantage for reconfigurable networks as it allows
for self-adaption to variations in a network’s characteristics,
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Fig. 1. Topology of the single-receiver DDO-OFDM system: DAC (digital-toanalog converter) and ADC (analog-to-digital converter).

such as variations in accumulated chromatic dispersion caused
by optical circuit switching.
There have been a number of demonstrations that have shown
the potential of optical OFDM in long-haul optical communications. In [10] and [11], demonstrations using coherent optical OFDM (CO-OFDM) were used for the adaptive compensation of chromatic dispersion, and the effective implementation of polarization division multiplexing. Channel rates of up to
121.9 Gb/s were achieved with a spectral efficiency of 2 b/s/Hz
[10]. However, this high performance came with the cost and
complexity associated with coherent polarization-diverse reception. Although phase noise compensation techniques [12] have
reduced the laser line width requirements associated with some
implementations of CO-OFDM, a more compact and cost effective alternative would be attractive.
Direct-detection optical OFDM (DDO-OFDM) allows far
simpler receiver architectures and is insensitive to laser phase
noise. Although there is some loss in sensitivity [13], demonstrations have reported channel rates of up to 20 Gb/s [14], and
simulations show that high levels of chromatic dispersion can
be compensated for with minimal overheads [8]. DDO-OFDM
has been proposed for the compensation of PMD. However, for
single-receiver implementations, the frequency-selective fading
caused by PMD will lead to reduced electrical signal-to-noise
ratios (SNRs) in affected subcarriers [15]–[17].
In this paper, we investigate the effects of PMD in DDOOFDM. We begin with an analysis of the frequency-selective
fading caused by first-order PMD. We then estimate the impact
of PMD in single-receiver DDO-OFDM using all-order simulations, to find the outage probabilities as a function of SNR
penalty. The performances of three frequency allocations are
compared, and one new allocation that minimizes the frequency
separation between the carrier and the outermost subcarrier is
found to be more robust to PMD. We then present an improved
DDO-OFDM system that includes polarization diversity [18],
[19] and enables a simple implementation of carrier boost [13].
Various configurations are considered, and simulations suggest
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Fig. 2. IFFT mapping and optical spectra. For the maps, white space denotes nulled subcarriers, gray space denotes data carrying subcarriers and the thick black
line denotes the virtual carrier.
is twice the Nyquist bandwidth.

that a data rate of 42.7 Gb/s can be achieved within an optical
bandwidth of 40 GHz, and with negligible PMD penalties.
This paper is organized as follows. Section II describes
the basic DDO-OFDM system and subcarrier allocations.
Section III presents an analysis for fading caused by first-order
PMD. Section IV estimates PMD penalties. In Section V, we
present an improved DDO-OFDM system, and in Section VI,
we summarize our findings.
II. SYSTEM DESCRIPTION
A simple single-receiver DDO-OFDM system is shown in
Fig. 1. The quadrature-amplitude-modulated (QAM) symbols
are mapped into vectors at the input of the transmitter’s inverse fast Fourier transform (IFFT) and then modulated and
multiplexed onto orthogonal subcarriers in a single operation.
A cyclic prefix is added and the complex baseband can be represented by

(1)
is the frequency of the th subcarrier in the th
where
symbol,
is the complex QAM mapping,
is the IFFT size, and ,
, and
are the guard, FFT
window, and OFDM symbol times, respectively. The real and
imaginary components of (1) are used to drive the and
inputs of the optical modulator around their intensity nulls for
linear field modulation. This, combined with optical single
sideband (OSSB) transmission, allows a one-to-one mapping
between subcarriers in the optical and electrical domains. For
the th symbol, the output of the optical modulator in real form
is

(2)
and
are the upconverted components for the QAM
where
in (1), is the frequency of the optical carrier, and
mapping

is the frequency of the th subcarrier. In [14], a direct
current (dc) component was added to generate an optical carrier
and enable direct detection of the optical OFDM signal. In this
paper, the single-receiver investigations will use the technique
described in [20], in which a band-edge subcarrier is used as
a virtual carrier for more efficient use of the digital-to-analog
converter (DAC) bandwidth.
The PMD performance of single-receiver DDO-OFDM with
three different subcarrier allocations will be investigated. These
allocations are determined by the data mapping at the input of
the transmitter IFFT, given by vector . Three mappings are
shown in Fig. 2, along with the their resulting spectra after optical modulation. The index for elements in and the corresponding subcarrier outputs in (1) are the same.
For map (a), the input mapping at the IFFT input is
(3)
where
is the input for the virtual carrier, and subscripts refer
is a series of
to the number of elements. Therefore,
zeroed inputs, and
is a series of
information
bearing subcarriers. This input mapping leads to a subcarrier
allocation with a guardband (GB) and sideband bandwidth of
. This is shown in spectrum (a) and represents the GB subcarrier allocation [8].
For map (b), the input mapping at the IFFT input is
(4)
The IFFT inputs are alternately information bearing and zeroed.
This mapping leads to an interleaved subcarrier allocation with
covering an optical bandwidth
a sideband bandwidth of
of
as shown in spectrum (b). At detection, the subcarrier
subcarrier products fall on the nulled subcarriers [20]. Spectrum
(b) represents the interleaved (INT) subcarrier allocation.
For map (c), the input mapping at the IFFT input is
(5)
and positive
bandIn this case, the negative
edge subcarriers are information bearing. The virtual carrier is
relative to the
offset to achieve a frequency separation of
relative to the upper sideband. This
lower sideband, and
is shown in spectrum (c) and represents the double-sided (DS)
allocation.
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Fig. 3. DS electrical spectrum after detection; S
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subcarrier products; S C

2 =

Upon detection, the upper sideband and the complex conjugate of the lower sideband generate the electrical spectrum in
of the bandwidth for the
Fig. 3. It is worth noting that only
DS allocation can be information bearing. Therefore, for equal
sideband bandwidths between the GB, INT, and DS allocations,
the DS allocation requires a 1.2 higher DAC sampling rate and
optical bandwidth.

Fig. 4. First-order PMD channel magnitude as a function of DGD and fre= for maximum fading.
quency. The input SOP angle 

= 4

is the DGD. From (7), the signal at the receiver is
where
given by

(7)
III. PMD ANALYSIS
PMD causes differential group delays (DGDs) and frequency-dependent phase shifts between signal components
travelling on each polarization. At detection, the orthogonal
contributions add in the electrical domain. If the contributions
for a subcarrier are similar in magnitude and out of phase, then
deep fading will occur and significantly reduce the electrical
SNR in the affected subcarriers [21].
A. First Order PMD
PMD is frequency dependent and can be expressed as a
Taylor series expansion about the carrier frequency [22]. The
first term represents first-order PMD and is the frequency
independent group delay between the two eigenpolarizations.
We consider a linearly polarized DDO-OFDM input signal
with an input state of polarization (SOP) given by the Jones
. The angle is arbitrary to the
vector
eigenpolarization aligned with , and determines the power
splitting into each mode. The received DDO-OFDM signal in
the frequency domain is given by

where is the angular frequency of the optical carrier, is the
angular frequency of the th subcarrier before optical modula. Upon detection, the signal is downtion, and
converted to the electrical domain and the channel magnitude is
given by

(8)
The deepest fading occurs when the input signal is split
equally into each polarization mode. This occurs for a power
where
and the input
splitting ratio
. The channel response (8) becomes
SOP angle
(9)
The channel magnitude in (9) is a function of DGD and frequency and is plotted in Fig. 4. The signal fading is deep when
the subcarrier contributions from each polarization mode add,
out-of-phase, in the electrical domain. It is worth noting that the
fading is constant for a fixed product of DGD and frequency.
The channel magnitude as a function of frequency and the
SOP angle

(6)
where
and

and
are the input carrier and sideband terms
describes the DGD between polarizations [23]

(10)
The response in (11) is plotted in Fig. 5 for a DGD of 100 ps
and shows the impact of the SOP angle on the channel response. The fading is minimal for , which couples most of the
input signal into a single polarization ( approaching 0 or 1) and
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Fig. 6. PMD penalties for the GB, INT, and DS subcarrier allocations using
4-QAM, 5-GHz sideband bandwidth, mean DGD of 0–15 ps, a target BER of
1 10 at an outage probability of 1 10 .

2

2

Fig. 5. First-order PMD channel magnitude as a function of input SOP angle
and frequency for a DGD of 100 ps.

increases for that couples power evenly into both polarizations
( approaching 0.5).
IV. OUTAGE PROBABILITY
A. Simulation Model
In this section, we investigate the penalties caused by allorder PMD in single-receiver DDO-OFDM for the three subcarrier allocations in Fig. 2. The penalties are found as outage probabilities, defined as the probability that the bit error rate (BER)
is exceeded for a fixed SNR penalty. Multiple system configurations were considered and the results help provide guidelines
to improve performance for a given link PMD.
The PMD penalties were estimated using Monte Carlo
simulations and the stochastic coarse-step PMD model in VPItransmissionMaker. In comparison to analytical methods [21],
this method has the advantage of including the higher orders of
PMD. However, large numbers of simulations are required to
assess the penalties that occur with low probability. To enable
the accurate simulation of penalties with probabilities lower
, VPItransmissionMaker includes an option for
than
importance sampling. This technique allows a parameter in the
simulation to be modified to bias the probability distribution
towards higher DGD levels. The probability distribution can
then be corrected by weighting each simulation result with its
likelihood ratio. The process is described in detail in [24].
The performances for the three allocations were estimated by
running four sets of 10 000 fiber realizations with mean DGDs
between 1 and 15 ps, sideband bandwidths of 5 and 10 GHz, and
with 4- and 16-QAM subcarrier modulation. The coarse-step
model was set to divide the fiber into 50 dithered-length sections with constant birefringence. At the end of each section, the
polarization state of the signal was scattered over the Poincaré
sphere. The scattering was random for the first simulation set,
and biased to correlate the PMD vectors in adjacent fiber sections for the other three sets. The biasing parameter in VPItransmissionMaker is the “correlate scattering factor” and values of
0.2, 0.33, and 0.5 were used.

The detected DDO-OFDM signals were processed in
MATLAB. For each fiber realization, the channel response was
derived and the additional receiver SNR required to maintain
was calculated. The SNR penalties were
a BER of
quantized to a range of 20 values, or bins, and the frequency
of occurrence for each penalty was weighted by its likelihood
ratio, and the accumulated occurrences for each bin were
recorded. From this distribution of data values, the complementary cumulative distribution was derived and represents
the outage probability as a function of receiver SNR penalty.
For all simulations: 1) a cyclic prefix size of one eighth of the
symbol length was used; 2) the number of possible subcarriers
was 512; 3) operation in the linear regime was assumed,
i.e., nonlinear effects were not simulated; and 4) 1600 ps/nm
of chromatic dispersion was added. From [25], the variations
in mean DGD were assumed to change at a rate that allowed
adequate equalizer training.
B. Simulation Results
The results for the three allocations using a 4-QAM, 5-GHz
sideband bandwidth and varying mean DGD are shown in
Fig. 6. The results show that the DS subcarrier allocation
provided the lowest penalties. In the simulations, the fading
induced in single-receiver DDO-OFDM could be generalized
as having a bandpass characteristic that is symmetrical about
the carrier.
The DS allocation reduces the frequency difference between
the carrier and the outermost subcarrier for a given bandwidth,
as is shown in the optical spectra in Fig. 2 and the electrical
spectra in Fig. 7. The ratio between the sideband bandwidth and
the maximum carrier-subcarrier frequency difference is 2/3 for
the DS allocation, and 1/2 for the GB and INT allocations. The
INT allocation performed only marginally better than the GB
allocation. The higher average electrical SNR for the INT allocation was largely offset by the shared bad subcarriers.
The results for the large number of configurations presented
two useful relationships. The first is that the constellation size
did not have a significant effect on PMD penalties. For all simulations with the use of 4 or 16 QAM as the only variable,
the penalties agreed within a 10% tolerance. This suggests that
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Fig. 7. Detected electrical spectra showing fading for the GB, DS, and INT
allocations, for equal sideband bandwidths and for a single random fiber realization. Note the DS allocation requires 1:2 W for equal sideband as discussed
in Section II.

2

higher order constellations, with higher data rates for a given
bandwidth, may be useful in high PMD links if the reduced
sensitivity can be accommodated, and if impairments caused by
fiber nonlinearities remain negligible. The second relationship
is that for a given subcarrier allocation, the PMD penalties for
simulations with the same product of mean DGD, and sideband
bandwidth agreed within a 5% tolerance. This means that mean
DGD and sideband bandwidth can be scaled for a known PMD
penalty.
In Fig. 8, the mean DGD and sideband bandwidths were
scaled for receiver SNR penalties of 1 and 3 dB for both the
GB and DS allocations. The parameter space to the left of these
curves shows various combinations of sideband bandwidth and
to be maintained,
mean DGD that allow a BER of
with an outage probability that is equal to, or lower than
. These curves apply to both 4- and 16-QAM subcarrier modulation. For typical system optical signal to noise
for the
ratios (OSNRs) that would give a BER of
system in Fig. 1, there is a close relationship between changes
in OSNR and resulting changes in the received electrical SNR
[26]. Therefore, the 1- and 3-dB SNR penalties can be combined with the OSNR sensitivities in Table I to approximate
the total OSNR requirements for a given system configuration.
The combination of Fig. 8 and Table I allows the performance
of different constellation sizes and sideband bandwidths to be
compared for a given link mean DGD, with the assumption that
nonlinear impairments remain negligible.
V. POLARIZATION DIVERSITY
A. System Description
In this section, we introduce a DDO-OFDM receiver
topology that enables high data rates in links with high PMD.
The topology of the system is presented in Fig. 9 and enables
increased signal bandwidths for high data rates using low-order
subcarrier modulation for improved sensitivity. The transmitter
uses a radio frequency (RF) mixer with the complex baseband
to generate both a real electrical signal and a frequency guard

Fig. 8. The left-hand side of the curves show the bandwidth and mean DGD
combinations that can maintain a BER of 1 10 with an outage probability
of equal to, or lower than 1 10 for 1- and 3-dB SNR penalties.

2

2

TABLE I
SIMULATED OSNR (dB/0.1 nm) REQUIREMENTS FOR BER = 1

2 10

band [8], [14]. This allows most of the subcarriers to carry data
and as a result reduces the DAC sampling rate requirements
compared with the topology in Fig. 1.
The electrical signal then drives a single-input optical modulator and an optical filter is used to suppress the lower sideband.
The optical modulator is biased to generate an optical carrier of
approximately equal power to the sideband. For the th symbol,
the output of the optical modulator in real form is similar to (2)

(11)
where
is the carrier amplitude,
are the subcarrier freis
quencies after electrical up-conversion, and
the complex QAM mapping. Further reductions in DAC sampling rate requirements can be gained by mixing multiple baseband outputs with multiple RF carriers to create adjacent subbands [10], [11].
To recover the wide-bandwidth optical signal, the receiver
incorporates both polarization diversity and carrier boost [13].
The receiver topology can be described as follows. The received
signal is split into two branches. The signal in the upper branch
(A) is filtered to reject the carrier and to provide amplified spontaneous emission (ASE) filtering. The sideband signal at both
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Fig. 9. Improved DDO-OFDM system. The receiver incorporates polarization diversity and carrier boost.

photodiodes (A1 and A2) for first-order PMD can be derived
simply from (8)

(12)
The signal in the lower branch (B) is boosted with an optical
amplifier and filtered to isolate the carrier. For diversity reception, orthogonal carrier polarizations are required. In [19], the
carrier was filtered and orthogonal polarizations were generated
using a circulator, a fiber Bragg grating, and a Faraday rotator
mirror for self-polarization diversity. Alternate configurations
could use a polarization beam splitter and dynamic polarization control. For first-order PMD, the two orthogonally polarized carrier signals can be represented by

(13)

(14)
is the amplifier gain and the carrier signals
and
mix with the sideband signals at the upper and lower
photodiodes, respectively. The signals are then detected, downconverted, sampled, and demodulated. The frequency-domain
signals from both branches are equalized and combined using
maximum ratio combining [18]. The estimate for each subcarrier in the th symbol is given by
where

(15)
is the estimated signal after diversity combining,
where
and are the carrier axis at each branch,
and
are the
received signals from each photodiode,
and
are the
is the complex conchannel estimates for each branch, and
jugate operator. In the absence of polarization-dependent loss
(PDL), and with uncorrelated noise on each polarization, DGD

up to the length of the CP can be compensated for without
penalty.
B. Simulation Details
Three properties of the receiver performance were explored.
The first was the use of carrier boost to increase sensitivity, the
second was the use of carrier boost to increase spectral efficiency, and the third was PMD performance. All of the simulations used a sideband bandwidth of 25 GHz for a raw data rate
of 50 and 42.7 Gb/s after overheads. The symbol size and cyclic
prefix were 1024 and 128 samples, respectively.
For the sensitivity simulations, equal frequency GB and sidein Fig. 9) so with a
band bandwidths were used (
37.5-GHz RF carrier, the optical spectrum was 25–50 GHz relative to the optical carrier. For the simulations with the halved
in Fig. 9), a 25-GHz RF carrier
frequency GB (
was used for an optical spectrum of 12.5–37.5 GHz relative to
the optical carrier. To filter the carrier, a 12.5-GHz optical filter
was used with a fourth-order rolloff, a 3-dB insertion loss, and a
stop band suppression of 45 dB. A 30-GHz fourth-order optical
filter was used for ASE suppression. The carrier boost amplifier
had a noise figure of 4 dB.
The receiver in Fig. 9 needs to have similar path lengths for
the carrier and signal at detection. If path lengths are greater
than 2 m, the high tolerance to laser phase noise is degraded.
C. Carrier Boost: Sensitivity
For conventional DDO-OFDM, the ratio of transmitted carrier and sideband power is approximately 1 : 1 for optimal sensitivity. However, with the receiver in Fig. 9, the carrier power
can be reduced at transmission and then boosted at the receiver
to maintain a 1 : 1 power ratio at the photodiode for a potential 3-dB sensitivity increase. Simulations were run for various
levels of optical carrier suppression, however Fig. 10 shows that
only a 0.2-dB improvement was realized with the 12.5-GHz carrier filter. This is because the filter width allows too much noise
to be amplified with the carrier and mixed with the signal. In
comparison, a 1-GHz carrier filter allowed a 1.5-dB improvement in sensitivity with a carrier suppression of 4 dB or more.
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Fig. 10. Sensitivity change by varying the optical carrier level at transmission
and compensating with carrier boost at the receiver for a constant 1 : 1 carrier to
signal power ratio at the photodiode. System has the same frequency guard and
sideband bandwidth.

Fig. 12. PMD performance with 25-ps mean DGD. Results for both the normal
and halved frequency GB given.

Monte Carlo simulations with a mean DGD of 25 ps. Five hundred fiber realizations and an orthogonal carrier polarization
were generated for each run. The results for the diversity receiver are presented in Fig. 12 as an outage probability as a
function of OSNR penalty. The penalties are low and the steep
gradient for the curves show the effectiveness of polarization
diversity reception in mitigating all-order PMD as reported in
[18], [19].
VI. CONCLUSION

Fig. 11. OSNR (dB/0.1 nm) versus carrier boost for the system with a halved
frequency guard bandwidth and 12.5-GHz carrier filter.

D. Carrier Boost: Spectral Efficiency
The frequency guard bandwidth was halved to increase spectral efficiency and to enable a data rate of 42.7 Gb/s within an optical bandwidth of 40 GHz. However, by halving the frequency
guard band, some sideband sideband products fall inband and
cause significant impairments. The use of carrier boost in the receiver can reduce these impairments by increasing the wanted
carrier sideband products relative to the unwanted sideband
sideband products [13]. Simulations were run with the frequency GB bandwidth halved to 12.5 GHz which allows an increase in spectral efficiency of 33%. A 12.5-GHz carrier filter
was used with boost levels between 7.5 and 20 dB. The results
are shown in Fig. 11 and with boost levels of 15 dB or more, the
receiver can effectively mitigate the inband distortion caused by
the halved frequency guard bandwidth.

The impact of PMD in DDO-OFDM has been examined by
using all-order PMD simulations to find the outage probability
as a function of receiver SNR penalty for a variety of system
configurations. The frequency-domain fading caused by firstorder PMD in single-receiver DDO-OFDM was examined analytically, and the impact of all-order PMD was then estimated
via simulation over a range of mean DGD values.
For high data rate transmission in high PMD links, a new receiver topology has been introduced that incorporates polarization diversity and carrier boost. Simulations have shown that
carrier boost can mitigate the inband distortion caused by a reduced frequency guard bandwidth. A 33% increase in spectral
efficiency was realized and a data rate of 42.7 Gb/s was simulated with 4-QAM subcarrier modulation, an optical bandwidth
of 40 GHz, and with a sensitivity of 14.8 dB. The polarization diverse receiver has been shown to reduce PMD penalties to very
low levels.
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