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A time interleaved differential phase shift keying (DPSK) remodulation technique is proposed to mitigate the effect of Rayleigh
backscattering (RBS)-induced noise in a single fiber colorless wavelength-division-multiplexing passive optical network
(WDM-PON). In order to achieve a cost effective optical network unit (ONU) solution without dedicated laser sources for
upstream signals to provide optimum symmetric capacity  in a colorless WDM-PON, remodulation becomes the core attraction.
Also as the performance of colorless WDM-PON systems suffers from the transmission impairments due to RBS, it is miti-
gated by using this remodulation scheme. Simulation results show that downstream and upstream signals achieve the error-free
performance at 10 Gbit/s with negligible penalty, and enhance the tolerance to RBS-induced noise over a 25 km single-mode
fiber.
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Remodulation in wavelength-division-multiplexing passive
optical network (WDM-PON) systems has attracted vital in-
terest in order to achieve a cost effective optical network
unit (ONU) solution without dedicated light sources for up-
stream signals for providing optimum capacity in WDM-
PON. Various remodulation approaches have been proposed
to achieve robust performance for both downstream and up-
stream transmissions[1,2]. Novel devices, such as reflective
semiconductor optical amplifier (RSOA) with high data rate
up to 10 Gbit/s[3], as well as new remodulation format[2] were
introduced. Subcarrier remodulation was utilized in Ref.[2]
to separate the spectra of reflected noise and upstream signal.
The schemes based on noise predictive equalization, line
coding and ring based WDM-PON were reported in Refs.[4-6]
to reduce the effect of Rayleigh backscattering (RBS)-induced
noise in WDM-PONs. All the mentioned schemes either use
complex modulation formats with high deployment cost, or
need extra circuits and devices at ONU. Therefore, in this
paper, a phase remodulation method is proposed, which dem-
onstrates time-interleaving between downstream and up-

stream signals to mitigate  RBS noise. The tolerance of the
upstream signal against the RBS-induced noise is enhanced
by reducing the modulation depth of the downstream differ-
ential phase shift keying (DPSK) signal.

The operating principle of the proposed remodulation
scheme is explained in Fig.1. After T/2 offset of upstream
and downstream signals, where T is the bit period, an exclus-
ive or XOR operation is applied on the two independent phase
modulated patterns[7]. The phase difference between the lead-
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Fig.1 Operating principle of time interleaved phase remodu-
lation



AFRIDI et al. Optoelectron. Lett.  Vol.9  No.1 

ing half of a bit in the upstream DPSK signal and the trailing
half of the previous bit can not be affected by the original
phase modulation of the upstream data[8]. By using a half-
bit-delay differential interferometer (DI) at optical line ter-
minal (OLT), the received upstream signal can be simply
demodulated and the upstream data can be correctly detected
on trailing half bits of the demodulated signal.

A full-duplex transmission is established here by split-
ting the original downstream continuous wave (CW) in the
OLT into two orthogonal polarizations, one of which is modu-
lated for downstream data transmission while the other is fed
to the phase modulation (PM) for upstream transmission. In-
dependent transmission of data and unmodulated carriers over
the two polarizations for each ONU overcomes time-inter-
leaving in the OLT of the available transmission time-slots,
as illustrated in Fig.2, allowing for their simultaneous trans-
mission to avoid multiplexing of idle time and required guard
time. Assuming in symmetrical broadband services, such as
video conferencing, online gaming and Web 2.0 applications,
the proposed scheme can potentially double the bandwidth
utilization for each subscriber, resulting in the increased net-
work upstream and downstream throughput.

Fig.2 Time domain representation of data and CW by time-
interleaved technique

The proposed arrayed waveguide grating (AWG) based
single fiber WDM-PON architecture is shown in Fig.3.  AWG,
which was first devised by M. K. Smit[9], is the key device in
WDM optical communication systems, and is also known as
the waveguide grating router (WGR) or the phasar (phased
array). It is a highly developed and commercially successful
planar waveguide device which performs wavelength
multiplexing, demultiplexing, wavelength filtering, signal
routing and optical cross-connecting. In addition to WDM,
it is also being used in areas such as signal processing, spec-
tral analysis and sensing. The proposed WDM-PON network
contains some mandatory elements, such as continuous light
source, return to zero (RZ)-DPSK transmitter/ receiver, AWG,
single-mode fiber (SMF), PM receiver/transmitter and photo-
detector (PD). The RZ-DPSK transmitter consists of a con-
tinuous laser source and two cascaded LiNbO3 Mach-Zehnder
modulators (MZMs). The first modulator called the data
modulator is used to perform the PM and generate a conven-
tional non return to zero (NRZ)-DPSK optical signal. The
MZM is operated at its minimum transmission point (null)
with a direct current (DC) bias of –V  and a peak-to-peak
modulation of 2V . A phase skip of  occurs when crossing
the minimum transmission point from the field transfer function
which is given by:
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where MZM(t) = (t) (t)= (t) is the induced phase dif-
ference between the fields of the upper and lower arms.

Fig.3 Schematic diagram of the proposed remodulation
scheme in WDM-PON

Accordingly the input light field is given by:

      Ein(t) = |E0|e
j ct .                                                          (2)
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After passing through the second MZM called the pulse
carver, the light field would become
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where Vim, i(= 2fi ) and i(i = 1, 2) are the amplitude, angu-
lar frequency and phase of the clock signal on two arms of
MZM, respectively. Similarly, V1 and V2 can provide the volt-
age bias on two spur tracks of MZM, respectively. When the
single arm works causing the appearance of phase separation,
V  is the switching voltage from the maximum to the min-
imum. In order to make the MZM work at the station without
chirp, the voltages of two single arms can be added to a fixed
voltage bias, that is V1(t) + V2(t) = Vbias, and thus the output of
the light field  becomes
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The output of the light intensity is

In the above equation, the optical impulse cycle is 2 / 0,
the angular  frequency is 0, and the full-width at half-maxi-
mum (FWHM) is / 0. The generated output is a periodic
RZ-DPSK pulse train with the phase of each pulse modu-
lated between 0 and  according to the data.

The generated downstream RZ-DPSK signal is then fed
to AWG along with other downlink channels at a data rate of
10 Gbit/s. The multiplexed signal is transmitted over an SMF
with the length of 25 km.  At the other end, 1×4 AWG
demultiplexer (DEMUX) is used to de-multiplex the down-
stream signals and send them to their respective ONUs. At
each ONU, after a power splitter (PS), half of the downstream
phase encoded signal is re-modulated with 10 Gbit/s data
using time interleaved PM technique to be transmitted back
to the OLT in order to avoid the cost of a specific laser in
each ONU. The generated upstream signal is transmitted back
to the OLT using SMF through a complete path. However,
regarding typical OLT configurations, the uplink and down-
link paths are merged by means of an optical circulator (C)
which helps the attenuation of a possible reflection.

We establish a model for simulation using Optisystem 7.0
according to network architecture as shown in Fig.3 in order
to discuss the performance of the proposed WDM-PON
system. Four continuous light waves with launch power of 0
dBm are generated by four distributed feedback (DFB) lasers
at wavelengths of 1552.52 nm, 1552.04 nm, 1551.56 nm and

1551.08 nm for four different channels, respectively, keep-
ing 60 Hz channel spacing. A transmitter consisting of two
cascaded LiNbO3 MZMs is used to modulate all channels
independently. PM (biased at the null point) is performed by
the first modulator of each transmitter. So each generated
wavelength is firstly externally modulated by the MZM driven
by 10 Gbit/s 27-1 pseudorandom binary sequence (PRBS)
data. The output of the first MZM is fed to the second modu-
lator driven by a 5 GHz clock pulse generating about 33%
duty-cycle RZ pulses. The four produced RZ-DPSK signals
are then multiplexed by a 4 1 AWG multiplexer (MUX)
with 60 GHz channel grid, and transmitted over a 25 km
SMF. The downlink signal is firstly de-multiplexed using 1×4
AWG DEMUX, and then transmitted to the corresponding
ONU. At the remote node, a 3dB optical splitter divides down-
stream into two parts. A PM technique is used to remodulate
the first half from the power splitter to generate upstream
signal of 10 Gbit/s 27-1 PRBS data which is T/2 time-inter-
leaved with respect to downstream data via a PM. The sec-
ond half is demodulated by a 1 bit delayed interferometer
and balanced photo diodes by using detuning principle of
AWG[10]. The PM is biased at transmission null point, and
the driving voltage is set to 2V .  A 4th order Bessel low-pass
electrical filter (LPF) with 3 dB bandwidth of 12.5 GHz is
used as encoder for 10 Gbit/s upstream data. The general
settings of the fiber used in our simulation are given in Tab.1.

The bit error rate (BER) as a function of received optical
power for both the downstream and upstream transmissions
for 4 channels in WDM PON is shown in Fig.4 using back to
back (B2B) scenario and after transmitting 25 km along SMF.
In case of B2B scenario, the 10 Gbit/s DPSK data signal pro-
vides a BER of 10-9 at received power of -41 dBm in the down-
stream direction,  whereas in the upstream, the 10 Gbit/s data
signal provides a BER of 10-9 at received power of -28 dBm.
After transmitting 25 km along SMF, the 10 Gbit/s DPSK
data signal provides a BER of 10-9 at received power of -40
dBm in the downstream direction, while in the upstream, the
10 Gbit/s data signal provides a BER of 10-9 at received power
of -34 dBm. In upstream, a power penalty of 6.0 dB relative to
B2B scenario is presented at BER of 10-9 after transmitting
25 km along SMF. This power penalty can be largely caused

Tab.1 Simulation parameters

                   Parameter                                               Value
       Dispersion parameter of SMF                    17 ps/(nm km)
       Dispersion slope of SMF                            0.075 ps/(nm2 km)
       Attenuation coefficient of SMF                    0.2 dB/km
       Effective core area of SMF                           80 m2

       Nonlinear index-coefficient of SMF            2.6 10-20

       Responsitivity of PD                      1 A/W
       Dark current of PD                                       10 nA



AFRIDI et al. Optoelectron. Lett.  Vol.9  No.1 

by two components of RBS, i.e., the carrier backscattering
and the signal backscattering along with chromatic dispersion.
However, the stable performance of both downstream and up-
stream signals clearly illustrates that the RBS-induced noise is
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Fig.4 Average BER vs. received power for downlink and
uplink channels

appreciably minimized, and such a low-cost scheme can be
implemented in future WDM-PONs. Fig.5 shows the corre-
sponding optical eye diagrams for downlink and uplink
channels. The eyes are clear and widely open.

We propose and demonstrate a single-fiber, full-duplex,
colorless WDM-PON architecture based on AWG with en-
hanced tolerance against impairments from RBS by using
time interleaved remodulation technique. It is demonstrated
that the high extinction ratios in both RZ-shaped DPSK down-
stream and time-interleaved remodulated upstream data sig-
nals help to increase the tolerance against RBS-induced noise.
It is concluded that the single feeder fiber is cost effective as
the simplicity of WDM-PON in addition to RBS mitigation.
An error-free colorless transmission over a distance of 25
km with lower BER is achieved.

Fig.5 Eye diagrams for DPSK downstream and upstream
for single fiber architecture


