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DQPSK: When Is a Narrow Filter
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Abstract—In this paper, we investigate experimentally and via
simulation the pros and cons of a narrow filter receiver for differ-
ential quadrature phase-shift keying based on a single optical filter
and eschewing the conventional asymmetrical Mach–Zehnder in-
terferometer structure. We quantify the performance differences
between the two receivers, allowing system designers and oper-
ators to determine when the less complex narrow filter receiver
might be the appropriate choice. We numerically optimize the 3-dB
bandwidth and center frequency of the narrow filter and show
it is more robust to carrier frequency detuning than the conven-
tional solution. We show that the narrow filter receiver is more
tolerant to chromatic dispersion (CD) than the conventional one,
and equally tolerant to first-order polarization-mode dispersion.
We show the impact of the 3-dB bandwidth on the receiver per-
formance when CD accumulates. Finally, we show via experiments
and simulations that the 3 dB advantage of the conventional re-
ceiver vanishes when the nonlinear impairments are fiber nonlin-
earities; comparing the two receivers at the optimum launch power
for a 25 80 km system, the difference in optical SNR margin is
reduced to 1.6 dB. Experiments are conducted at 42 Gb/s using
a commercially available narrow filter for reception.

Index Terms—Differential phase-shift keying, modeling, optical
fiber communication, optical receivers.

I. INTRODUCTION

P HASE modulation has drawn much attention in the last
few years for next-generation spectrally efficient optical

networks [1]. In particular, optical differential quadrature
phase-shift keying (DQPSK) is emerging as a promising so-
lution, and the technology is today mature enough to permit
validations outside the research labs [2]. The conventional
receiver for DQPSK, depicted in Fig. 1(a), is composed of
an optical filter, two asymmetrical Mach–Zehnder interfer-
ometer (AMZI) structures, and two balanced photodiodes.
Its complexity is twice the complexity of a binary DPSK
(DBPSK) receiver. In order to increase the cost/benefit ratio of
phase-modulated formats and to eventually avoid the interfer-
ometric structure, much effort has been focused in proposing
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Fig. 1. (a) Conventional receiver and (b) narrow filter receiver for DQPSK sig-
nals. � is a symbol time, � is the carrier frequency, � � � � �� , and
� � � � �� .

alternative, lower complexity receivers for both binary and
quadrature phase-shift keying.

One such reduced complexity receiver [3], [4] is based on po-
larization, where the two arms of the AMZI are replaced by the
slow and the fast axis of a polarization maintaining fiber, whose
differential group delay (DGD) equals one symbol interval; the
signals out of the two axes are then mixed before photodetec-
tion. This receiver is extended to DQPSK in [5], demonstrating
experimentally the main advantage of such a receiver, which
is the relative ease of implementation and the wide range over
which the DGD can be tuned, hence permitting the use of the
same receiver for different bit rates. The main drawback is that
the signal polarization needs to be controlled with very high pre-
cision and stability, thus increasing cost and complexity.

We turn our attention to two other promising receivers that
use a single photodetector for DBPSK; in the case of DQPSK,
these receivers have one photodetector in each of the I and Q
arms. In the first receiver, the AMZI structure is maintained as
in Fig. 1(a); however, only one port (either the constructive or
the destructive port) is populated with a photo detector [6]. In
the second receiver, the AMZI structure is not used and instead
only a narrowband filter is found in each branch, as illustrated
in Fig. 1(b) [7]; the narrowband filters replace the channel se-
lect filter and the AMZI structure. It is well known that the
conventional receiver for DQPSK has cosine-shaped equivalent
transfer functions in the frequency domain. They are plotted in
Fig. 2 versus the frequency normalized to the symbol rate .
The frequency responses are periodic and shifted with respect
to the carrier frequency. Thick lines indicate the main lobes of
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Fig. 2. Four equivalent periodic filters of the DQPSK receiver. Dashed lines
for constructive ports and solid lines for destructive ports. Thick lines represent
the lobes that the narrow filter receiver approximates: (a) for the in-phase com-
ponent and (b) for the quadrature component.

the destructive ports in both the I and Q cases. The narrowband
filter receiver seeks to approximate these main lobes for each
branch; the main lobes are centered at units of normal-
ized frequency for the in-phase component and units for
the quadrature component.

Researchers have examined the DBPSK version (single
branch) of the narrow filter receiver in Fig. 1(b), [8]–[12], with
only very recent results for the DQPSK version [13]. Since
the narrow filter receiver (without AMZI) approximates the
single-ended AMZI with only one photodiode, we expect them
to show similar performance. We confine our attention thus to
the narrow filter receiver and compare it to the conventional
AMZI balanced receiver of Fig. 1(a).

We demonstrate via bit error rate (BER) measurements and
simulations that the narrow filter receiver has a 3 dB penalty
in the linear, dispersion-free regime, compared with the con-
ventional AMZI balanced receiver. By avoiding the interfero-
metric structure and using a single-ended photodiode instead of
a balanced one, the narrow filter receiver enjoys reduced cost
and complexity, as well as greater flexibility. We will show that
the tolerance to nonoptimal tuning of its center frequency is
greater than the tolerance of the conventional receiver to fre-
quency detuning. We compare quantitatively the performance
of the narrow filter to that of the conventional receiver. In this
paper, we present a complete analysis of advantages and draw-
backs of the narrow filter receiver, assessing its performance

in simulations and experiments vis-à-vis linear and nonlinear
transmission impairments.

The narrow filter receiver is by construction spectrally effi-
cient; channels in a WDM system can be packed more closely
than when using the wider band, conventional AMZI receiver of
Fig. 1. Typically when packing channels more tightly to improve
spectral efficiency, we expect the narrower channel select filters
to induce greater intersymbol interference (ISI). When using
an AMZI receiver, we can tweak the free spectral range (FSR)
such that the overall frequency response1 tends to equalize the
line, to combat ISI. The spectral efficiency of a narrow filter
WDM system can be further increased using the same tech-
niques used with the AMZI receiver. The narrow filter receiver
is simply chosen to match the main lobe of the AMZI destructive
port when using the most advantageous FSR. Note that for both
binary and quadrature DPSK, narrowing the channel selective
filter makes the conventional AMZI receiver more resilient to
accumulated chromatic dispersion (CD), as well as more spec-
trally efficient [14]–[18]. It is not surprising then that we find
the narrow filter receiver exhibits the same greater tolerance to
ISI as the conventional AMZI with partial D(Q)PSK.

For DBPSK it has already been reported that, in the nonlinear
regime, the performance of the conventional receiver tends to
that of the single-ended receiver (where the balanced receiver
is replaced with a single-ended photodiode on one of the two
output arms of the AMZI). The advantage of balanced recep-
tion disappears as the dominant noise is nonlinear phase noise
(NLPN) and not amplitude noise [19], [20]. Since the narrow
filter receiver emulates the single-ended one, it is expected that
under nonlinear propagation in fiber its performance should be
equivalent to those of the conventional receiver. We will show
that this is the case.

The paper is organized as follows. Section 2 is devoted to
the comparative performance analysis, both experimental and
numerical, of the two receivers in back-to-back operation, and in
the presence of CD and first-order polarization-mode dispersion
(PMD). In Section 3, we present measurements and simulations
of the behavior of the two receivers in the nonlinear regime.
Finally, conclusions are drawn in Section 4.

II. LINEAR IMPAIRMENTS

A. Experimental Setup

The experimental setup for the investigation of linear impair-
ments is sketched in Fig. 3. A polarization-controlled tunable
laser is modulated with a commercial I/Q modulator (SHF
46213). The modulator is composed of two Mach–Zehnder
modulators (MZM) nested in an interferometric structure [21].

We use the data and data bar (logical inverse) outputs of a
Gb/s pattern generator for our I and Q components.

Two challenges are imposed. First, we must delay the two data
outputs to decorrelate them so that the overall data rate is 42
Gb/s (that is, to achieve two independent data streams). How-
ever, the delay must be a multiple of the bit duration in order
to successfully demodulate the streams (our phase-matched RF
cables introduced a relative delay of precisely 21 information

1The overall frequency response is determined by both the channel selection
optical filter and the AMZI structure, as well as the photo-detection process.
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Fig. 3. Experimental setup for the investigation of CD and first-order PMD tolerance. PC: polarization controller, MZM: Mach–Zehnder modulator, PMD: po-
larization-mode dispersion, VOA: variable optical attenuator, EDFA: erbium-doped fiber amplifier, OSA: optical spectrum analyzer, AWG: arrayed waveguide
grating, OBPF: optical bandpass filter, CR: clock recovery, ED: error detector.

bits). The phase shift is manually adjusted and constantly
monitored.

Two transmission media are considered. To investigate the
effects of CD, the signal enters a spool of optical fiber. To in-
vestigate the effects of PMD, the signal passes through a PMD
emulator. The emulator consists of a polarization beam splitter
(PBS) to split the signal into a slow and a fast component. The
slow component is delayed by an optical delay line and recom-
bined with the fast component by means of a second PBS. A
polarization controller in front of the PMD emulator is set to
assure that the signal is aligned at 45 with the first PBS in the
PMD emulator.

At the receiver side, the signal power is controlled with a vari-
able optical attenuator (VOA). A preamplifier stage (composed
of an erbium-doped fiber amplifier (EDFA), a 1.4 nm optical
bandpass filter, and a second EDFA) sets the SNR. The spec-
trum of the noisy signal is constantly monitored with an op-
tical spectrum analyzer (OSA) via the power splitter. The
signal can be received by either of the two available receivers,
narrow filter or conventional. The narrow filter receiver is im-
plemented with one channel of a commercially available 1 32
arrayed waveguide grating (AWG); the measured AWG spec-
trum is shown in Fig. 4 along with the theoretical AMZI spec-
trum and a Gaussian spectrum with 3-dB bandwidth equal to

. As we can see, our narrow filter closely approximates the
Gaussian shape. The photodiode incorporates a transimpedance
amplifier. The conventional receiver is formed by a channel se-
lect filter followed by a commercial optical DPSK demodulator.
The channel is selected by an optical bandpass filter (OBPF)
with a 3-dB bandwidth of 50 GHz. The balanced photore-
ceiver also incorporates a transimpedance amplifier.

Following photodetection, the clock is reconstructed with a
commercial clock recovery circuit and fed to a BER tester to-
gether with the received data. Note that no differential encoder
(at the transmitter) or differential decoder (at the receiver) is
used, so the received pattern is different from the transmitted
pattern. For experimental convenience, we chose a DeBrujin
sequence at the transmitter and programmed the correct differ-
entially decoded patterns into the BER tester [21]. The I and Q
streams were accessed sequentially using, in the case of the con-
ventional receiver, a commercial (SHF model number) DBPSK
demodulator or, in the case of the narrow filter receiver, by man-
ually tuning the central frequency of the AWG.

Fig. 4. Measured transmission and group delay profiles of the narrow filter
employed in the experiments. The theoretical shapes are also reported along
with the transmission spectrum of a Gaussian filter with 3-dB bandwidth equal to
����, where � is the symbol rate. (a) Intensity profile; (b) Group delay profile.

B. Numerical Model

In addition to the experimental investigation of the perfor-
mance of the narrow filter and the conventional receivers, we
also examined their performance via numerical simulation. We
model the optical source as an ideal laser. The MZM is mod-
eled as described in [22], [23], where the output field of a single
MZM is

(1)

where is the input field to the MZM, and are the
phase shifts in the two Mach–Zehnder arms, and is related
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Fig. 5. Measured (left column) and simulated (right column) eye diagrams. (a)
DQPSK optical waveform; (b) Conventional receiver; (c) Narrow filter receiver.

to the DC extinction ratio per . The
pattern generator is modeled as an ideal signal source filtered
with a fifth-order low-pass Bessel filter. The 3-dB bandwidth
of this filter and the extinction ratio of the MZM are chosen to
best fit experimental results. The measured frequency responses
are used for the optical filters in the simulation. Photodetection
is supposed ideal and another fifth-order low-pass Bessel filter
models the finite electric bandwidth of the receiver (3-dB band-
width is again chosen to best fit the experimental back-to-back
results). Fig. 5 shows the measured and simulated eye diagrams
of the optical DQPSK signal and of the electrical signals output
from the two receivers.

The bit patterns in the simulations are pseudorandom quater-
nary sequences [24]. The BER is simulated with a semianalyt-
ical approach accounting for the memory of the system as well
as optical and electrical nonideal filter shapes. Several such ap-
proaches exist [25]–[30], and all share the same line of thought.
The received signal is written as , i.e., the
sum of the useful signal and a noise term (amplified spontaneous
emission (ASE) from amplifiers). Noise is modeled as a
Gaussian (possibly colored) random process. The signal
is expanded in a suitable basis. We use the Karhunen–Loève
basis to facilitate the inclusion of nonideal pre- and postrecep-
tion filters. The moment-generating function (MGF) of the deci-
sion variable (a quadratic form of the sum of possibly correlated

Fig. 6. Experimental and simulated back-to-back BER for both receivers under
investigation. Symbol rate is 21 Gbaud, bit rate is 42 Gb/s.

Gaussian random variables) can then be derived analytically. Fi-
nally, the probability density function, and hence the BER, is
obtained as the inverse Laplace transform of the MGF. A prac-
tical numerical procedure for such an inversion is the so-called
saddle point integration. Details of the algorithm we used can
be found in [30].

C. Back-to-Back Operation

Fig. 6 shows the back-to-back BER measurements along with
simulation results. Simulated performance very closely matches
measured performance; in particular, a penalty of 3.2 dB for
the narrow filter is correctly predicted by our simulator. Such a
penalty is in agreement with both the simulation results of [13]
and the intuition that the narrow filter emulates the single-ended
DQPSK receiver. The novelty in our work is threefold: 1) we
give experimental validation of BER (not only eye diagrams);
2) we provide simulation results that are both more accurate
(using realistic filter models) and more precise as we investigate
also the low BER regime, including good agreement with the
experimental data; and 3) we use a realistic network element
(AWG) as an optical filter, instead of the monochromator stage
of an OSA as in [13].

We next numerically investigate performance dependence
on filter center frequency and 3-dB bandwidth. We vary both
parameters over a wide range of values and measure the optical
SNR (OSNR) penalty at . Contour plots in
Fig. 7(a) give results for the quadrature component (the center
frequency is negative) and Fig. 7(b) the in-phase component
(the center frequency is positive). Frequencies in the contour
plots are normalized to the bit rate; stars indicate the minimal
penalty (optimal parameters). As in [13], the optimal center
frequency does not correspond to but to a slightly higher
value. We find the optimal center frequency to be close to

, for a 3-dB bandwidth of . In [13], an optimal
center frequency of was reported. The 3-dB band-
width was not swept in [13], which might explain the small
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Fig. 7. OSNR penalty at��� � �� for the narrow filter receiver as a func-
tion of filter 3-dB bandwidth and filter center frequency for (a) the quadrature
component and (b) the in-phase component. Stars indicate minimal penalty.

discrepancy. The bowl around the minimal OSNR penalty is
quite shallow for the narrow filter receiver: the OSNR penalty
is confined to less than 1 dB (2 dB) for a range of more than

around the optimal value. At 21 Gbps, this
corresponds to a 1 dB tolerance of GHz (2 dB tolerance
of GHz).

A major concern in direct detection DQPSK systems is the
robustness to frequency offset (or detuning) between the carrier
and the receiver [31]–[33]. To explore tolerance to detuning for
both receivers, we introduce , the error in-phase adjustment
of the receiver. For instance, the phase shift of the in-phase arm
would be . Such an error induces a frequency detuning
of . In the case of the narrow filter receiver,
the detuning is simply a mismatch between the filter center fre-
quency and the carrier frequency. We investigate numerically
the tolerance of the receivers to this effect. Fig. 8 shows the re-
sults in terms of OSNR penalties at . The penalties
are referred to the performance of each receiver when .
We can see that the narrow filter receiver is more tolerant (by
slightly more than a factor 2) to frequency detuning.

In the next sections, we examine the impact of linear fiber
impairments (CD and PMD) via experiment and simulation.

D. Chromatic Dispersion

Simulations of BER-equivalent -factor for DQPSK [13]
found the narrow filter receiver has a higher tolerance to
accumulated CD by a factor of 2. We extend that work by
simulating OSNR penalties. Two experimental measurements
were captured and found to coincide with simulation results.
We also numerically investigate the influence of the filter 3-dB
bandwidth on the system performance in the presence of CD.
While OSNR penalties are more difficult to calculate,2 they
provide a very useful performance metric for the network engi-
neer. Experimentally, we use one of two spools of single-mode

2We calculate BER down to �� versus OSNR for each CD value; note that
[13] fixed the OSNR to a regime where BER was assured to be above �� and
only one BER point was found per CD value.

Fig. 8. OSNR penalty for a ��� � �� for the narrow filter receiver and
for the conventional receiver as a function of the detuning frequency.

Fig. 9. Simulated OSNR penalties at ��� � �� as a function of accumu-
lated CD for both receivers under investigation. Two experimental points are
also provided for comparison.

fiber (SMF) (136 and 216 ps/nm of accumulated dispersion,
respectively). Input power to the fiber is dBm, ensuring
linear propagation. Simulations are also carried out in this
linear regime; the fiber is modeled as a simple all-pass filter.
We use as a reference point the OSNR required to achieve

when no dispersion is present (back-to-back).
We report the OSNR penalty at as a function
of the accumulated dispersion. Please note that throughout the
paper (unless otherwise specified) the OSNR is referred to a
standard bandwidth of 0.1 nm.

CD results are summarized in Fig. 9. The improved resilience
of the narrow filter receiver to accumulated CD is clearly vis-
ible. The results of two measurements (at 136 and 216 ps/nm
of accumulated dispersion) can be seen to fall very close to the
simulated data. The narrow filter receiver shows a factor of 2
improvement, i.e., the same OSNR penalty is reached by accu-
mulating about twice the total CD.
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Fig. 10. Simulated OSNR penalties at��� � �� as a function of accumu-
lated CD and filter bandwidth. The optimal value of the 3 dB optimal bandwidth
only slightly depends on accumulated dispersion.

Fig. 11. Experimental OSNR penalties at a ��� � �� due to first-order
PMD as a function of DGD for both receivers under investigation, for the worst
case 50/50 power split.

E. Polarization-Mode Dispersion

Previous results on PMD and DQPSK signals focused on
the performance of the AMZI receiver as a function of DGD
[34]. We report the performance of the narrow filter receiver,
in particular as it compares to the performance of the conven-
tional AMZI receiver, when first-order PMD is present leading
to DGD. We vary the amount of DGD via the PMD emulator
with the input state of polarization giving a 50/50 power split
on the two principal states of polarization, and we again record
the OSNR penalty at for the two receivers. Re-
sults are summarized in Fig. 11. There is a negligible difference
in the penalties; hence, the two receivers have the same toler-
ance to first-order PMD. We also show, in dashed and dotted
lines, the results of simulations of first-order PMD for the two
receivers. Results are in good qualitative agreement with the
measured values.

Fig. 12. Experimental setup for the nonlinear transmission experiment.

Fig. 13. BER for both receivers in the nonlinear regime.

III. NONLINEAR PHASE NOISE

In this section, we evaluate the tolerance of the narrow filter
receiver to fiber nonlinearities, i.e., intrachannel effects and
NLPN. NLPN arises from amplifier ASE that is translated to
the phase of the signal by self-phase modulation in fiber [35].

A. Experimental Results and Discussion

The experimental setup is depicted in Fig. 12. After the
DQPSK modulator, a first VOA controls the power of the useful
signal. An amplification stage built with a booster EDFA, a 1.4
nm optical filter, and a gain-controlled EDFA provide sufficient
power and set the OSNR. With a 10/90 splitter, the OSNR is
monitored after the transmitter. A signal power of dBm
is injected into the fiber, in order to trigger nonlinearities. The
DQPSK signal and the noise interact when traveling in a spool
of 80 km of Truewave (TW) fiber, and a matched DCF module
provides full compensation of the CD. A second VOA controls
the power on the receiver to keep it constant. The narrow filter
receiver and the conventional receiver are used in turn, and the
BER is measured as per the previous section. The results are
presented in Fig. 13. As we expected, the performance of the
receivers now overlap: the 3 dB advantage of the conventional
receiver has vanished. A similar result, but for binary DPSK,
was shown in [19], where the single-ended receiver and the
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Fig. 14. BER when KL method is used or MC method is used. Fully compen-
sated DQPSK 21 Gbaud single-channel 25� 80 km TW system, conventional
receiver only.

conventional receiver were shown to have the same BER in
the nonlinear regime, notwithstanding the use of a simple
photodiode instead of the balanced one. We demonstrate here
for the first time that for DQPSK the narrow filter receiver also
has the same performance as the conventional one, obviating
not only the balanced photodetection but also the AMZI itself.

B. Numerical Model

The KLSE method with white ASE noise used in the pre-
vious section accounts for intrachannel nonlinearities, but not
for NLPN, since the nonlinear signal–noise interaction alters the
statistics of the received ASE in a complex way. To appreciate
the impact of NLPN in a realistic disperion-managed (DM) sce-
nario, we simulated a 21 Gbaud DQPSK single-channel 25 80
km DM line with TW transmission fiber (dispersion coefficient

ps/nm/km, nonlinear coefficient W/km) with
full in-line compensation. No pre- and postcompensation was
added, and the EDFA noise figure was dB. In Fig. 14, we
show the BER versus input power for the conventional receiver,
calculated with both the KLSE method and with brute-force,
error-counting Monte Carlo (MC) estimation with at least 100
errors collected for each point [36].

Both KLSE and MC use the split-step Fourier method [37] for
field propagation, but in the MC case the noise is added along
the line and propagated with the signal, thus making simulations
much longer. We note that KLSE estimation becomes overly op-
timistic at powers larger than dBm, since NLPN is becoming
the dominant impairment. Having established the significance
of NLPN contribution to the fiber nonlinearity for the scenario
under investigation, we will thus use only MC estimation to as-
sess the relative performance of the two receivers of Fig. 1 in the
nonlinear regime. In order to do so, we simulated the same DM
line as before, but with either TW or SMF ( ps/nm/km,
nonlinear coefficient W/km) transmission fiber. The
comparison of the two receivers is provided in Fig. 15(a) in
terms of the required OSNR to achieve versus

Fig. 15. Simulated tolerance to fiber nonlinearities. Fully compensated
DQPSK 21 Gbaud single-channel 25� 80 km system.

signal input power (at such error-counting MC
simulations are inpractical).

We observe that the 3 dB advantage of the conventional
receiver is confirmed in the linear regime (low input power),
but it diminishes as nonlinearities become the dominant source
of errors. At large launch powers the performance difference
between the two receivers is negligible both for TW and for
SMF, confirming the conclusion we drew from our experi-
mental setup. In Fig. 15(b), we report the OSNR margin for a

, i.e., the difference between the actual OSNR of
the line at dB, and the OSNR required for .
The optimum launch power achieving the largest OSNR margin
[i.e., the nonlinear threshold (NLT)] is higher for SMF than
for TW due to the larger local dispersion of SMF (NLT of

dBm instead of dBm for conventional receiver, and
of dBm instead of dBm in narrow filter receiver),
but the difference in OSNR margin at the NLT between the
NF receiver and the conventional receiver is no larger than
approximately 1.6 dB for both SMF and TW fiber.

Authorized licensed use limited to: Alcatel-Lucent. Downloaded on January 28, 2010 at 12:18 from IEEE Xplore.  Restrictions apply. 



VACONDIO et al.: DQPSK: WHEN IS A NARROW FILTER RECEIVER GOOD ENOUGH? 5113

IV. CONCLUSION

We investigated a simplified receiver for DQPSK signals
based on a single optical filter slightly offset from the carrier
frequency, with 3-dB bandwidth smaller than the symbol rate.
We have compared it to the conventional DQPSK receiver
with respect to the major optical fiber impairments. The filter
is implemented with one of the 32 channels of a standard
AWG, a mature technology naturally enabling simultaneous
demodulation of wavelength-division multiplexed DQPSK
signals. We have reported experiments at 42 Gb/s, showing
dB sensitivity penalty with respect to the conventional receiver
in the linear regime. We have also shown that the narrow filter
receiver has a stronger tolerance to accumulated CD. We have
compared simulation results against the experimental data,
finding good agreement. Finally, we have discussed the impact
of fiber nonlinearities on the performance of the receiver. We
have shown in experiments and simulations that the advantage
of the conventional receiver over the NF receiver diminishes
when the fiber nonlinearities are taken into account.
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