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Abstract — In this paper, we investigate the nonlinear impacts of
Four-Wave Mixing (FWM) in a 112-Gb/s PDM-QPSK (polarizationdivision-multiplexed quadrature phase-shift-keying), 20-channel
WDM system, with 200-GHz channel spacing, over DSF links. FWM
degrading effects are investigated over 95 km DSF span for different
launch power scenarios. A maximum in-band crosstalk of 10 dB is
obtained at the zero-dispersion wavelength for a per-channel launch
power of 3 dBm. Transmission penalties of 1.4 and 2.6 dB are
obtained for per-channel launch powers of 0 and 2 dBm,
respectively. In order to reach a WDM design with negligible
transmission penalties over DSF, launch power had to be decreased
by 8 dB in comparison with standard single-mode fiber (SSMF)
transmission links.
Index Terms — Coherent detection, dispersion-shifted fiber, four-wave
mixing, wavelength-division multiplexing.

I. INTRODUCTION
International bandwidth demand has driven the quick evolution of optical transmission systems
capacity in the last years, since the advent of systems operating at 10-Gb/s per-channel bit rate,
intensity modulated direct detection (IM-DD) and coarse wavelength-division-multiplexing (CWDM)
with 20-nm channel spacing, up to the current optical transmission systems operating at 100-Gb/s perchannel bit rate, polarization-division-multiplexing quadrature phase-shift keying (PDM-QPSK)
modulation format, coherent detection and dense wavelength-division-multiplexing (DWDM) with
50-GHz channel spacing. The continuous evolution of optical transmission tends to drive these
systems to reach extremely high rates, such as 400-Gb/s and Terabit systems [1]-[3]. However, in
order to achieve successful deployment, such state-of-the-art systems must be compatible with legacy
networks, and also the developed transmission systems must present robust be robust against optical
fiber impairments, such as polarization mode dispersion and chromatic dispersion and nonlinear
phenomena.
The effects of chromatic dispersion and nonlinear phenomena are accumulated during signal
propagation over an optical fiber, which imposes severe limitations on the system achievable
performance both in terms of transmission capacity and distance. One of the widely deployed
solutions to reduce the effects of chromatic dispersion was the use of dispersion-shifted fibers (DSF).
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This type of fiber is specially designed [4] to grant near-zero dispersion to a propagated signal in the
wavelength region of 1550nm. However, this near-zero dispersion characteristic facilitates the phasematching between WDM wavelengths, which enhances the efficiency of generation of four-wave
mixing (FWM) [5]. As the other nonlinear phenomena, FWM intensity is directly related to high
launch power levels into the fiber [6], [7], and must be avoided due to the high complexity needed to
remove such effects. However, FWM is a particular case of optical fiber nonlinearity, since its
occurrence requires lower input power levels compared to other nonlinearities [8], and its effects are
also enhanced on WDM systems with uniformly spaced channels. For all these reasons, crosstalk due
to FWM is the dominant nonlinear effect in WDM systems using the legacy dispersion-shifted fibers
[9].
Based on this knowledge, we performed an experimental investigation on the FWM impacts in a
112-Gb/s PDM-QPSK WDM system with 20 channels and 200-GHz channel spacing over DSF link,
with special focus on FWM. In summary, we have investigated the system response related to
different launch power levels. We also compared the results with SSMF transmission scenario, in
order to achieve the best design for 100-Gb/s coherent transmission over DSF legacy networks.
The remainder of this paper is organized as follows. In Section II, the basic theory of FWM is
revised. In Section III, the experimental setup used for study the effects of FWM in a 112-Gb/s PDMQPSK WDM system with 20 channels and 200-GHz channel spacing over DSF link is described. In
Section IV, the obtained experimental results are presented and discussed. Finally, in Section V, the
main conclusions are drawn.
II. FOUR-WAVE MIXING
Crosstalk due to FWM is the dominant nonlinear effect in WDM systems using the legacy
dispersion-shifted fibers [9]. Therefore, its impacts must be taken into account and analyzed carefully,
especially when dealing with WDM systems with equally spaced channels. In such scenario the FWM
effects can be clearly observed, because the transmitted channels interact among each other,
generating other ones, inside (FWM in-band) and outside of the transmitted bandwidth, which leads to
an overall distortion [9], as depicted in Fig.1.

Fig. 1. FWM effect in a 20 channels WDM system after propagation over 95 km of DSF
(a) Input spectrum with 20 WDM channels; (b) Output WDM spectrum with new carriers generated from FWM.
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is given by
(1)

where

and

are the frequencies of the channels propagating in the optical fiber.

Equation (1) only accounts for the new frequencies that will fall inside the WDM band. For WDM
systems with equally spaced channels all the product terms generated by FWM and given by (1) will
fall at the channel frequencies, giving rise to crosstalk [9]. Note that in equation (1), we may have
, which is commonly referred to as degenerated FWM. Conversely, when

we have the

so-called nondegenerated FWM.
FWM phenomenon is also governed by a phase-matching principle [10], [11]. Optical channels
centralized in nearby frequencies tend to demonstrate nearly the same chromatic dispersion, which
fortifies phase-matching between carriers, and so the FWM effects. Thus, this effect is more severe in
DSF, since propagating wavelengths lie inside the near zero-dispersion region. Fig. 2 proves this idea,
demonstrating the FWM efficiency (η) [11], [12] related to three equally spaced channels, with
channel spacing (∆f) in two different optical fiber links, SSMF and DSF. FWM efficiency is
associated to the channel spacing according to (2) and (3)
(2)

(3)
where ∆β represents the phase mismatch and ∆fij, the channel spacing. The parameters used to
calculate the FWM efficiency for each fiber are detailed in Table I. From Fig. 2b, it could be observed
that the SSMF span link, with ~16 ps/nm.km of dispersion, demonstrated lower levels of FWM
efficiency than the DSF link, with nearly zero dispersion. It’s also clear that the FWM effects are
enhanced for tight channel spacing, in which could be critical for DWDM systems design.
TABLE I. PARAMETERS USED TO CALCULATE THE FWM EFFICIENCY FOR EACH FIBER.
Description
SSMF
DSF
Chromatic dispersion (Dc) 16 ps/nm.km ~0
Attenuation coefficient (α)
0.25 dB/km
Dispersion slope (dDc/d λ) 0.088 ps/km.nm²
Fiber length (L)
50 km
1550
nm
Wavelength (λ)
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Fig. 2. FWM efficiency versus WDM channel spacing for SSMF and DSF links.
(a) Three uniform spaced channels; (b) Calculated FWM efficiency for each fiber.

FWM degrading effects are enhanced in uniform spaced WDM systems [13], since the generated
FWM components overlap the original signals, causing signal quality degradation due to the in-band
crosstalk (Fig. 3). However, FWM effects can also cause signal degradation in unequally spaced
WDM systems [14], affecting these systems as well.

Fig. 3. In-band crosstalk due to FWM in uniform spaced WDM systems.

III. EXPERIMENTAL SETUP
The experimental setup is depicted in Fig. 4. At the transmitter side, 19 distributed-feedback (DFB)
laser sources with 2-MHz linewidth were combined with a 112-Gb/s PDM-QPSK modulated signal,
this one originated from an external cavity laser (ECL) source with 100-kHz linewidth, in order to
obtain a 200-GHz uniform spaced WDM system with 20 channels, as depicted in inset (a) of Fig. 4.
For modulation, four bit pattern generator (BPG) lines of uncorrelated pseudo random bit sequence
(PRBS) 215-1 length at 28-Gb/s were used. BPG outputs were amplified by 32-GHz bandwidth drivers
with amplitude output of 7.0 Vpp. These four lines were sent to a PDM-QPSK modulator with Vπ of
~3.5 V and 23-GHz bandwidth, modulating just one channel with 112-Gb/s PDM-QPSK. Due to
limitations on the experiment evaluation, it was not possible to modulate all the channels, but if it was
feasible, one may conclude that the FWM penalties would be magnified. It is justified because
modulated signals occupy a larger bandwidth than non-modulated ones, which would result in in-band
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FWM penalties. The 112-Gb/s signal was also coupled with an amplified spontaneous emission
(ASE) source in order to investigate the optical signal-to-noise ratio (OSNR) performance of the
transmitted signal. The WDM signal was amplified by an erbium-doped fiber amplifier (EDFA) and
sent to a variable optical attenuator (VOA) in order to control the optical launched power into the
transmission link.

Fig. 4. Experimental setup. (a) Transmitter setup; (b) 112-Gb/s PDM-QPSK optical eye diagram; (c) WDM optical
spectrum; (d) Transmission link; (e) Receiver setup; (f) Received constellation; (g) DSP block diagram.

The transmission link, depicted in inset (d) of Fig. 4, consisted in one span of SMF. Two types of
fibers were used in the experiments for different evaluations. First we used DSF, with 95 km length,
attenuation of 0.25 dB/km, zero-dispersion wavelength (λ0) 1551.18 nm, dispersion slope of 0.085
ps/nm2.km and effective area (Aeff) of 64 µm2, after we used SSMF, with 100 km length, attenuation
of 0.2 dB/km, dispersion coefficient of 18 ps/nm/km and Aeff of 80 µm2. The transmission link was
omitted in back-to-back experiments.
Finally, at the receiver side (inset (e) of Fig. 4), coherent detection was employed to recover the
transmitted signal, by mixing received signal with a local oscillator (LO) into an integrated coherent
receiver (ICR). The coherent receiver outputs were sampled using a 40-GSa/s real time scope with 20GHz bandwidth. Four data sets of 400-kSa were acquired for offline digital signal processing (DSP)
in order to demodulate the signal. The DSP block diagram is depicted in inset (g) of Fig. 4, as
described in [15]. First, we performed Deskew to remove symbol delay between lines and then
interpolate the signal to 2 samples per symbol. Next, we estimated the accumulated chromatic
dispersion through a variation of the Gardner algorithm. The compensation of chromatic dispersion
was performed by a frequency domain equalizer. Clock recovery was performed with a parallel
version of the Gardner Algorithm and finally we used decision-directed least mean square (DDLMS)
for signal equalization and polarization demultiplexing using constant modulus algorithm (CMA) for
pre-convergence. We then used a frequency domain m-th power method for frequency offset
estimation and correction and a decision directed method for phase estimation. Error signals derived
from frequency and phase estimation were used to improve the dynamic equalizer. In order to
measure the quality of the equalized signal we counted and estimated BER by Q-factor.

received 24 March 2013; for review 24 Apr 2013; accepted 7 July 2013
Brazilian Microwave and Optoelectronics Society-SBMO
Brazilian Society of Electromagnetism-SBMag
© 2013 SBMO/SBMag
ISSN 2179-1074

Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 12, No. SI-2, July 2013

109

IV. EXPERIMENTAL RESULTS
In order to verify the FWM impact with respect to generated in-band crosstalk, in each of the 20
transmitted channels, we launched the WDM system with 3 dBm per-channel into the DSF span link.
In each test we turned off one of the WDM channels and measured the power of the generated optical
carrier due to the FWM effect. This was done for all of the 20 channels, one by one, verifying the
optical power generated in the turned off channel, as depicted in Fig. 5.

Fig. 5. Sweep between all 20 channels, evaluating the generated optical power by the 19 remaining channels inside the
disconnected channel wavelength.

We also obtained the curve for the in-band crosstalk in each wavelength of the 20 WDM channels,
as depicted in Fig. 6. It could be observed that the highest powers of generated carriers were close to
the zero-dispersion wavelength, of 1551.18 nm, and could also be compared with the powers of the
original channels, resulting approximately in a 10 dB in-band crosstalk for the highest generated
carrier. We chose the wavelength with the maximum generated power due to FWM, of 1551.69 nm,
to be the channel under test (wavelength of the 112-Gb/s PDM-QPSK modulated signal) for all of the
worst case scenario experiments.

Fig. 6. In-band crosstalk. (a) Example of an in-band crosstalk degradation; (b) Measured in-band crosstalk, due to FWM
nonlinear effect, after 95 km DSF propagation at 3 dBm/ch launch power.

We experimentally analyzed the OSNR performance of the channel under test for different
scenarios. In order to do so, we varied our probe channel’s OSNR and measured the resulting BER
using the receiver and offline digital signal processing depicted in Section III. We performed this test
for five different configurations of launched power, fiber type and length, the results are shown in Fig.
7. Fig. 7 depicts the bit error rate (BER) versus OSNR for the 112-Gb/s PDM-QPSK signal in backreceived 24 March 2013; for review 24 Apr 2013; accepted 7 July 2013
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to-back, after WDM transmission over 95 km of DSF with different per-channel launch power values
(-6, 0 and 2 dBm) and after WDM transmission over 100 km of SSMF with a per-channel launch
power of 2 dBm, as well as the theoretical curve for the 112-Gb/s PDM-QPSK signal. We evaluated
the OSNR performance for a BER of 10-3. For the back-to-back scenario (blue circles), the required
OSNR for a BER of 10-3 was 14.2 dB, which is a 0.9 dB implementation penalty with respect to
theory. For the 95 km DSF transmission with -6 dBm per-channel (black squares), the required OSNR
was 14.7 dB, which implies in a negligible transmission penalty of 0.5 dB in reference to the back-toback scenario. When we increased the launched power to 0 dBm per-channel (pink stars), the required
OSNR for a 10-3 BER was 15.6 dB, resulting in a transmission penalty of 1.4 dB. For the 2 dBm perchannel transmission in 95 km DSF (orange crosses), the required OSNR was 16.8 dB, which implies
in a transmission penalty of 2.6 dB. One can observe that the OSNR penalty increases as the launch
power increases, as a result of the nonlinear degrading effects. We also evaluated the OSNR
performance after 100 km of SSMF with launch power of 2 dBm per-channel (green triangles). The
required OSNR for a BER of 10-3 after the SSMF transmission was 14.6, which implies in a negligible
transmission penalty of 0.4 dB.
The transmissions of -6 dBm per-channel with DSF and 2 dBm per-channel with SSMF presented
basically the same OSNR performance, which indicates that 112-Gb/s WDM systems at 200-GHz
spacing with -6 dBm per-channel perform an almost nonlinear free transmission in DSF links.
However, the transmitted power was decreased by 8 dB, which will reduce the transmission reach.

Fig. 7. BER versus OSNR for different transmission scenarios.

As expected, FWM is highly enhanced when fiber input power increases. Fig. 8 presents the BER at
full OSNR, for a 112-Gb/s DP-QPSK signal, in function of the per-channel launch power into a 95 km
DSF span, for a 20-channel WDM system at 200-GHz uniform spacing. BER is measured for the
channel closest to λ0, which is the channel with the highest FWM penalties.
From Fig. 8, we can observe that the measured BER is degraded for higher launch power values.
We found an approximated relationship between BER and launch power, in which the BER is
degraded by one order of magnitude when the launch power is increased by 2 dB. This results in
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degraded BER floors at high OSNR values, as depicted in Fig. 7.

Fig. 8. BER at full OSNR versus per-channel launch power into a 95 km DSF span.

Fig. 9 and Fig. 10 presents the WDM optical spectra after transmissions (with and without the
channel under test) and the received constellation, with per-channel launch powers of -6 dBm and 2
dBm, respectively. For -6 dBm per-channel launch power, we can verify that the in-band crosstalk
generated from FWM is ~20 dB higher than for 2 dBm, which reduces transmission penalties. With
the channel under test, the FWM effect is observed as the power of the modulated channel is spread
among the neighbors WDM channels. From the received constellations, we can verify the degradation
due to the nonlinear effects on DSF fibers at high launch power values.

Fig. 9. WDM transmission after 95 km DSF with -6 dBm/ch launch power. (a) Spectrum without channel under test;
(b) Spectrum with channel under test; (c) Received constellation and BER.

Fig. 10. WDM transmission after 95 km DSF with 2 dBm/ch launch power. (a) Spectrum without channel under test; (b)
Spectrum with channel under test; (c) Received constellation and BER.
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V. CONCLUSION

We have investigated the nonlinear impacts in a 112-Gb/s WDM system, with 20 channels and 200GHz channel spacing, over a DSF link, with special focus in the FWM effect. A relationship of one
order of magnitude in BER with an increase of 2 dB in launch power after propagation in a 95 km
DSF link was observed for high values of OSNR. Transmission penalties of 1.4 and 2.6 dB were
observed for per-channel launch power values of 0 and 2 dBm, respectively, over DSF link. We have
also compared transmission performances for different fiber links, resulting in negligible transmission
penalties for per-channel launch power values of -6 dBm and 2 dBm, for DSF and SSMF links,
respectively. Launch power had to be decreased by 8 dB for DSF links in order to reach the same
performance as for SSMF links. The results show that care must be taken when designing 100G
WDM systems for transmission over DSF links, especially for launch power optimization, due to the
FWM and other nonlinear impairments.
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