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Remodulation-induced crosstalk mitigation in WDM-PON using remodulation approach is presented in this paper. Utilizing all-
optical signal processing, the proposedmethod has been able to significantly improve system performance in terms of bit error rate
(BER) and bit rate distance product. Moreover, the proposed method could be used for both baseband andmodulated downstream
electrical signals.

1. Introduction

As old copper line has been progressively replaced by optical
fiber and coherent optical modulation techniques are being
deployed, access networks have also changed from fiber-
to-the-X (FTTX) active optical network (AON) systems to
passive optical network (PON) systems.

In PON, deployment and maintenance costs are greatly
reduced with fewer fibers and no active components from
optical line terminal (OLT) to optical network unit (ONU).
With low fiber’s attenuation and better sensitivity of modern
optical receivers, it is possible to send optical signal across
nearly 20 km toward up to 64 ONUs using only one single
modefiber andoptical power splitter/combiner. Standardized
by IEEE and ITU-T, the current PON topologies are E-PON
and G-PON using time division multiplexing [1, 2].

However, since optical signal power is equally divided
between users and time division multiplexing is used, there
are issues in security, synchronization, latency, and laser’s
rise-time [2]. Next generation of PON focuses on wavelength
division multiplexing (WDM-PON) techniques [3–7]. As
each user utilizes a different wavelength, the weaknesses of
traditional PON are overcome.

WDM in traditional sense, where each downstream and
upstream channel occupies a different wavelength, is only
suitable for backbone networks. In access networks, where

user’s deployment cost is limited, installing a wavelength-
specific distributed feedback (DFB) laser diode for each user
is impractical. Thus, the ability to send and receive signal
across a large bandwidth, or colorless operation at ONU,
is highly desired [8–13]. One of the best solutions is to
reuse the downstream wavelength as carrier for upstream
data by means of reflective semiconductor optical amplifier
(RSOA) or semiconductor optical amplifier (SOA) with
electroabsorption modulator (EAM) [14, 15]. Drawbacks of
this solution include remodulation-induced crosstalk at the
ONU and crosstalk causes by Rayleigh backscattering along
the fiber.

Since Rayleigh backscattering introduces crosstalk to
counter-propagation signal of the same wavelength, it can be
reduced if the upstream and downstream signal’s spectra are
not overlap. As a result, report on Rayleigh backscattering
crosstalk mitigation utilized different line codes [16–20]
or different spectral-shaping techniques [21–23] for down-
stream and upstream signals.

On the other hand, crosstalk at the ONU is caused by
the remodulation approach itself. Since downstream optical
signal is used tomodulatewith upstreamdata, residual down-
stream data cause remodulation-induced crosstalk. To the
best of our knowledge, this type of crosstalk is usually reduced
by saturating the downstream signal before remodulation [24,
25].Thismethod requires low extinction ratio in downstream
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Figure 1: WDM-PON system with remodulation approach.
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Figure 2: (a) Downstream modulated signal and (b) fluctuation caused by remodulation crosstalk in upstream modulated signal.

signal and, thus, reduces systemperformance in terms of BER
and bit rate distance product.

In this report, we propose an all-optical approach to
mitigate remodulation-induced at the ONU in remodula-
tion approach. Utilizing cross-gain modulation in counter-
propagation SOA, our proposed method was able to effec-
tively remove residual downstream signal in upstream signal,
thus reducing upstream BER. The proposed method per-
formed well on both baseband and modulated downstream
electrical signal. Moreover, factorial analysis also proved that
the interaction between downstream and upstream signals on
upstream BERwas effectively removed for bit rate of less than
20Gbps. Last but not least, our proposed ONU was able to
achieve colorless operation.

2. Principles

A typical WDM-PON system applying remodulation
approach is shown in Figure 1. Each pair of OLT and ONU
uses the same wavelength, and there is no active device along
the transmission fiber. In this figure, only one channel is
depicted for better clarity. Downstream data is modulated

with optical signal at OLT and sent to ONU though optical
fiber. At ONU, an optical power splitter/combiner separates
the received signal into two branches. The signal in one
branch is used for downstream signal detection, while
the other is used as optical carrier signal for upstream
transmission. RSOA is usually utilized for remodulation
for several reasons. First and foremost, since RSOA is an
optical amplifier, it compensates some of the optical power
attenuated along the transmission link. Secondly, RSOA’s
gain can be controlled via its applied bias current. Therefore,
upstream electrical signal can be directly modulated with
downstream optical signal. Thirdly, gain of RSOA typically
linearly increases or decreases around 3 dB across C-band.
Thus, downstream signals across C-band can be remodulated
and colorless operation is achieved. Finally, thanks to its
structure, RSOA can easily be integrated with various silicon
photonic devices such as electroabsorption modulator
(EAM) to further reduce receiver’s footprint and increase
modulation bandwidth.

However, reusing downstream optical signal as upstream
carrier signal inevitably results in crosstalk between down-
stream and upstream signals. Simulated upstream signal is
shown in Figure 2. In this figure, NRZ line coding was used
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Figure 3: Proposed remodulation-induced crosstalk mitigation method.

for both downstream and upstream data. Upstream electrical
signal was directlymodulatedwith downstreamoptical signal
through the RSOA. Upstream bit rate was assumed to be
slower than downstream bit rate. As seen in the figure, resid-
ual downstream signal is clearly shown as fluctuations in the
modulated upstreamNRZ signal. Basically, this phenomenon
can be compared to direct modulation of upstream signal
with a very poor quality light source in terms of power
fluctuation and linewidth.

Usually, the RSOA has to be operated near its saturated
gain region to reduce fluctuations. However, it is impossible
to completely remove the residual signal, since only the
fluctuations during the high level duration of downstream
bit are saturated. Thus, extinction ratio (ER) of downstream
modulated signal has to be low. Additionally, since the RSOA
also serves as a modulator, operation in saturated region
reduces ER of upstream signal. The ER also depends on bit
rate, bandwidth, and saturated gain power of the RSOA as
studied in [25].

The 3 dB modulation bandwidth of RSOA is usually
less than 2GHz in commercial products. This modulation
bandwidth, in theories, allows up to 2.5 Gbps NRZ signal.
However, due to saturated gain operation conditions, the
actual upstream bit rate in remodulation scheme using
RSOA is actually smaller than its already limited modulation
bandwidth. In reported literature using this approach [24],
downstream signal ERwas 5 dB for 1.25GbpsNRZ signal over
20 km. In another report [25], downstream signal ERwas 3 dB
for 622.08Mbps NRZ signal over 40 km. It is noted that, in
comparison with ITU-T G.984.1 and G.984.2 specifications,
upstream bit rate distance product in these reports is less than
the currently deployedG-PON,which is 2.4GbpsNRZ signal
over 20 km.

Our proposed method to reduce crosstalk is shown
in Figure 3. In this block diagram the reused signal is
further divided into two branches. In the upper branch,
two SOAs, denoted as SOA1 and SOA2, are used to invert
the downstream signal levels. SOA2 is operated within its
linear region, while SOA1 is operated near its saturation
region. Output signal after SOA2 is sent through SOA1
but in the opposite direction. By combining two counter-
propagating signals with different power levels, cross-gain
modulation effect in SOA1 creates an inverted version of the
original signal. In the lower branch, the downstream signal is
unchanged.

It is crucial for the signals in both branches to be synchro-
nized and have the same power level, therefore, an optical

attenuator is needed in the upper branch and an optical
delay line is needed in the lower branch. The two signals
are modulated with the same upstream electrical signal by
two identical modulators, which can be SOAs or EAMs.
Finally, modulated signals are combined through a coupler.
The output signal is then used as upstream remodulated
signal.

In principles, optical signal inversion is similar to optical
logic NOT gates using SOA [26]. In such systems, two wave-
lengths are sent through one SOA. Cross-gain modulation
effect between these two wavelengths creates an inverted
version of the first wavelength in the second wavelength.
This simple approach, however, changes the inverted sig-
nal’s wavelength and cannot be used for colorless ONU.
Therefore, counter-propagation [27] is utilized in our pro-
posed approach to ensure no wavelength conversion. It is
noted that optical NOT operation is only similar to tradi-
tional electronic NOT for OOK signals, where low level input
signal becomes high level output signal and vice versa. With
multilevel signal such as QAM, the optical NOT subsystem’s
output is the inverted version of the input signal in terms of
optical power.

Using this method, fluctuations caused by downstream
signal are still presented in the modulated signals in both
branches. However, since the residual signals in the upper
branch are inverted version of the residual signals in the
lower branches, they are flattened after the coupler. There-
fore, no crosstalk is introduced between the downstream
and upstream signals. Although SOA1 is operated near its
saturation region, the downstream optical signal only serves
as pumping source to trigger cross-gain effect in SOA1.
Therefore, there was no limitation in the saturated SOA as
studied in [25]. As a result, upstream bit rate distance product
can be improved in comparison with [24, 25].

Moreover, since downstream signal is removed from
modulated upstream signal, the line coding formats and
modulationmethods for downstreamandupstream electrical
signals are also not limited. This is crucial to further improve
system’s performance. As mentioned in the first section, the
most effective method to mitigate Rayleigh backscattering
crosstalk at the moment is to avoid overlapping in down-
stream and upstream signal’s spectra. Reported approaches
[16–20] usually use two different line coding formats or
modulation techniques. Thus, our proposed system can
be combined with methods in [16–20] to mitigate both
remodulation-induced crosstalk at the ONU and Rayleigh
backscattering crosstalk at the same time.
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In comparison with a typical system using only one
RSOA, our proposed system is more complex. However, the
increase in complexity can be justified with colorless opera-
tion, better bit rate distance product for both downstreamand
upstream bit rates, and compatible with recent approaches
in WDM-PON using complex modulated electrical signals.
Moreover, since all-optical signal processing and only SOA
and/or EAM are used, the proposed system can be combined
into one optical integrated-circuit using current CMOS
technology. Thus, cost can be reduced when the system is
mass produced.

3. Simulation Results

The proposed crosstalk mitigation method was utilized
for both NRZ and 16-QAM electrical signals to prove its
capability for both baseband andmodulated electrical signals.
Optisystem simulation program from Optiware was used.
The significance and effect of upstream bit rate, downstream
bit rate, and fiber length were also analyzed using factorial
analysis in Minitab statistical software.

Since there is no specification for WDM-PON at the
moment, ITU-T G.984.2 specifications for current G-PON
were used as references in our simulations. According to ITU-
T, line coding for both downstream and upstream signals
is NRZ. Maximum downstream and upstream bit rate is
2.4Gbps. Maximum distance is 20 km. BER of 10−10 was
considered acceptable.

Therefore, for simulation with baseband electrical signal,
NRZ line coding was used for both transmission directions.
Downstream bit rate was increased from 2.5Gbps to 10Gbps.
Fiber length was increased from 10 km to 100 km. Upstream
signal was NRZ at 2.5 Gbps. DFB laser at 1550 nm and 0 dBm,
which is the lower output limit of commercial G-PON OLT,
was used as light source. Laser’s linewidth was 10MHz. Photo
diode noise was −68 dBm. SOA1 and SOA2 were modeled
after the mathematical model in [28, 29] and commercial
products’ specifications with 20 dB gain, 14 dBm saturation
output power, driving current from 500mA to 750mA, and
2GHz 3 dB modulation bandwidth. SOA2’s driving current
was 500mA. SOA1’s driving current was 720mA. Upstream
modulators were 2.5 Gbps EAMs.

For simulations with modulated electrical signal, the
downstream bit rate was also increased from 2.5Gbps to
10Gbps. The fiber length was also increased from 20 km
to 100 km. The upstream signal was also NRZ at 2.5 Gbps.
All other devices were also the same. However, optical
coherent QAMmodulation and demodulation were used for
downstream signal.

For comparison purpose, the system in Figure 1 was used
as typical remodulation WDM-PON system using RSOA.
All signals and devices had the same characteristic as in
simulations with NRZ signal. The RSOA had the same
characteristics as SOA1 with 99% reflectivity in one facet.

Rayleigh backscattering becomes significant for transmis-
sion length longer than 20 km and contributes to the overall
crosstalk between downstream and upstream data. However,
this study emphasizes remodulation-induced fluctuation at

ONU. Fundamentally, this is a different problem in compari-
sonwith light scattering in fibers.Therefore, in order to isolate
and analyze only the crosstalk caused by remodulation-
induced fluctuations, Rayleigh backscattering was ignored
in our simulations unless stated otherwise. Some results
with Rayleigh backscattering are only shown as references.
Also, only BER of upstream signal is shown in this section
since downstream signal does not suffer from remodulation-
induced crosstalk.

For NRZ downstream signal, the modulated signals in
two branches are shown in Figures 4(a) and 4(b), respectively.
As seen in these figures, residual downstream signals are
clearly shown in remodulated upstream signals. The com-
bined signal is shown in Figure 4(c).

Similarly, for 16-QAMdownstream signal, themodulated
signals in two branches are shown in Figures 5(a) and 5(b),
respectively. It is noted that the inverted version of received
signal also had multiple levels, which was different than the
concept of logic NOT in electrical domain as mentioned
in the previous section. The combined signal is shown in
Figure 5(c).

In these figure, downstream signal was mostly erased
from remodulated upstream signal. However, even with
utmost care in adjusting the delay line and attenuator, the
signals in two branches could not be perfectly synchronized.
Some fluctuations were still presented as seen in Figures
4(c) and 5(c). Fortunately, these fluctuations were at higher
frequency in the signal’s spectrum. Since the electrical band-
width of optical receiver devices is generally considered to be
low-pass Bessel filter, these fluctuations were filtered out in
electrical domain.

BER of upstream NRZ signals when downstream signal
was NRZ and 16-QAM is shown in Figure 6. For comparison
purposes, BER of upstream NRZ signal for the RSOA system
in Figure 1 was also estimated. In this figure, upstream bit rate
was at 2.5 Gbps; fiber length was at 100 km; and downstream
bit rate was increased from 2.5Gbps to 10Gbps.

As seen in Figure 6, upstream BER of RSOA system
was around 10−3 and slightly decreased as downstream bit
rate increased. This was caused by the low-pass Bessel filter
response of optical receiver’s electrical bandwidth. Higher
frequencies of residual downstream signal were filtered out
at the receiver.

Our proposed method, on the other hand, removed the
downstream signal from upstream signal. Thus, acceptable
BER was achieved up to 7.5 Gbps downstream NRZ signal.
For faster downstreambit rate, the upstreamBERquickly rose
to around 10−6. This was due to the simulated SOA model’s
limited response time.

For 16-QAM downstream signal, our proposed method
performed even better. Since the actual baud rate of 16-QAM
is several times smaller than the baud rate of NRZ given
the same bit rate, the SOAs can still perform adequately.
Thus, BER of upstream signal was acceptable for 10Gbps
downstream bit rate.

BER of upstream signal when downstream bit rate was at
10Gbps is shown in Figure 7. The fiber length was increased
from 30 km to 100 km. Performance of the typical RSOA
system was inadequate as predicted.
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Figure 4: Downstream NRZ signal and (a) modulated upstream signal in upper branch; (b) modulated upstream signal in lower branch; (c)
upstream signal.

The upstream BERs when downstream signal was also
NRZ with and without Rayleigh backscattering are shown
in this figure. With additional crosstalk from backscattering
along the fiber length, acceptable length was around 30 km.
This result was better than other reported methods using
RSOA saturated gain methods.

However, without Rayleigh backscattering, our proposed
method could provide BER of 10−10 up to 40 km.Therefore, it
is possible to further improve performance if our proposed
method is combined with other reported backscattering
crosstalk mitigation methods.

Performance of upstream BER for downstream 16-QAM
signal was acceptable up to 100 km of fiber length. As

explained before, since the baud rate of 16-QAM is smaller
than NRZ, the SOAs could properly invert the downstream
signal and the system could remove downstream residual
from upstream signal.

The significance of downstream bit rate, upstream bit
rate, and fiber length on upstream BER was also analyzed
using 2-level factorial analysis.The analysis space was limited
within 2.5Gbps to 20Gbps for downstream signal, 2.5 Gbps
to 5Gbps for upstream signal, and 20 km to 100 km for fiber
length. Interaction plots are shown in Figure 8. In this figure,
the interactions between fiber length and downstream bit rate
as well as between fiber length and upstream bit rate did
not have much significance on the overall upstream BER.



6 Journal of Photonics

Po
w

er
 (W

)

20n10n0

20n10n0

Time (s)

0

1m

2m

0

1m

2m

(a)
Po

w
er

 (W
)

20n10n0

20n10n0

Time (s)

2m

1m

0

2m

1m

0

(b)

Po
w

er
 (W

)

20n10n0

20n10n0

Time (s)

0

1m

2m

3m

4m

0

1m

2m

3m

4m

(c)

Figure 5: Downstream 16-QAM signal and (a) modulated upstream signal in upper branch; (b) modulated upstream signal in lower branch;
(c) upstream signal.

However, as the downstream bit rate reached 20Gbps, the
interaction between downstream bit rate and upstream bit
rate started to affect the upstream BER. In other word, at
downstream bit rate less than 20Gbps, our proposed method
could effectively isolate the interaction between downstream
and upstream signals.

4. Conclusions

Our proposed crosstalk mitigation method has been able
to significantly improve upstream BER in WDM-PON

system using remodulation approach. Using all-optical sig-
nal processing, our proposed method has performed well
for both NRZ and 16-QAM electrical signals. Research on
combination with reported Rayleigh backscattering crosstalk
mitigation methods has been carried out to further improve
the proposed system.
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